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Preface 


The present treatise is meant to be a textbook for undergraduate 
students in electrical engineering, electronics and communication 
engineering, computer science, and information technology. It 
is also expected to be useful to the students of other disciplines 
studying basic courses on electronics. It covers the basic principles 
of digital electronics and logic design. This textbook is an outgrowth 
of the lectures we have delivered to our students over several years 
and covers the syllabi of many universities across the globe. It 
will help in bridging the gap between digital electronics and logic 
design. Topics have been illustrated with the help of many diagrams 
to make the students grasp the subject in a better manner. The 
subject matter is dealt with a clear and concise way with many 
examples, and a large number of problems have been worked out 
to make acquaint students with the applications of the principles 
and formulae they have encountered in the text. If the contents of 
the present book prove useful to those for whom it is intended, we 
will deem our effort amply rewarded. We will thankfully receive 
constructive suggestions for the improvement of the book. We 
acknowledge gratefully the encouragement given by our colleagues 
and students, whom we have taught over the past several years, 
for their thought-provoking questions, which have really helped 
us to clear our thoughts and have enabled us to develop simple 
explanations to complex-looking theories. 

We wish to thank the editorial and production team at Pan Stanford 
Publishing for the meticulous processing of the manuscript. Subir 
Kumar Sarkar expresses his particular appreciation to his research 
scholars Mr. Suman Basu, Mr. Amit Jain, Mr. Pranab Kishore Dutta, 
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the manuscript. 
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Chapter 1 


Combinational Circuits 


1.1 Introduction 


The word digital implies that, information in the system is 
represented by values that are limited in number. The values hence 
used to represent the information are called quantized or discrete 
values. These values are processed by circuit components that 
maintain the limited set of values. A digital system performs more 
reliably and efficiently if it handles only two values (“0” and “1”) that 
is only two states and such a digital system will be called a two state 
system or a binary system. 

Quest for scientific knowledge to enhance our understanding of 
the world has led to all technological innovations responsible for 
the progress of civilization. Since, the invention of digital electronics/ 
integrated circuits a few decades ago, manufacturing of electronic 
systems has taken rapid strides in improving speed, size, and cost. 
For today’s digital integrated chips, switching time is on the order 
of submicrons, transistor count is in the order of millions, and 
cost leads to the very pervasive introduction of integrated circuit 
(IC) chips to many aspects of modern engineering and scientific 
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endeavors including computations, telecommunication, aeronautics, 
genetics engineering and manufacturing, and so on. It is clear that 
the IC chips will play the role of a key building block in the 
information society of the 21st Century. Needless to say, it is the 
very large scale integration (VLSI) technology that has made this 
evolution a reality. The digital electronics together with VLSI 
technology has brought the power of mainframe computer to the 
laptop. The number of other inventions has changed the way human 
being live, think, communicate, interact, recreate and develop, 
individually, and as societies, as the digital circuit together with 
VLSI technologists have. This indicates that we have realized the 
tremendous potential and importance of the digital electronics in 
lives. The widespread uses of digital electronics have motivated us 
to decide who will be entrusted with design, development, test, and 
so on, so that we can extract the best possibilities from the digital 
system. 


ee — E 
'n' 
input a eae EYE? 'm' output 
variables Combinational circuit — 5 variables 
3 /—————_—_> 
> a 
—_____4 — s 


Figure 1.1 A digital circuit (combinational). 


It is now appropriate time to give the ideas of analog and digital 
signals and systems: There are two broad categories of electronic 
circuits and systems—analog and digital circuit and systems. A 
continuous signal that can have any magnitude in a given range of 
time is called analog signal for example growth of a living creature 
such as a child and a plant. A system having analog circuit and/ 
or devices is called analog electronics. On the other hand, a signal 
having only two discrete values is called digital signal. The number 
of students in a class is an example digital signal. The branch 
of electronics that deals with the digital devices, circuits, and 
systems is called digital electronics. The digital circuits are mainly 
of two different types—combinational and sequential circuits. We 
shall describe the combinational digital circuit first and then the 
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sequential circuits. A combinational circuit is a logic circuit in which 
the output of the circuit at any instant of time is depends totally on 
the inputs present at that time only. Figure 1.1 represents the block 
diagram of the combinational circuit: In general, a combinational 
circuit consists of “n” input variables, logic gates, and “m” output 
variables. The logic gates of the combinational circuits acknowledge 
signals from the inputs and generate the output signal. The 
combinational circuit in the process transforms binary information 
from the given input data to the required output data. For n 
input variables, the number of maximum input combination will 
be 2". It is important to remember that for each possible input 
combination, there is only one possible output combination. The 
detailed description of the circuit will be given in the due course. 
However, the design of combinational circuits starts from the verbal 
outline of the problem and ends in a set of Boolean function or in a 
logic circuit diagram. 


1.2 Advantages of Digital System 


The advantages of digital system are as follows: 


Its basic components are highly reliable. 

It is low cost. 

It is small in size. 

It is light weight. 

It consumes less power. 

It is faster in operation. 

It is durable. 

It requires number heating element, since it is based on field 
emission. 

9. Itis reasonably immune to noise. 


CON OY OT ew OE 


1.3 Essential Characteristics of Digital Circuits 


The advantages of a digital system are due to the advent of improved 
integrated circuit technology. Greater the probability of satisfying a 
digital circuit, greater will be its demand. 
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A digital circuit should satisfy certain essential properties, which 


are as follows: 


1. The binary output signal of a digital circuit should be the 
prescribed function of the binary input or output (Fig. 1.2). This 
is called logical function. 


X2 


Xs 


Digital 


y tput 
Circuit {output 


y=f( XiX2 Xs) 


Figure 1.2 The block diagram of a digital system. 


2. Both inputs and outputs of a digital circuit are discrete. 

3. Quantization of amplitude within the normal operating range of the 
voltages is required. This requires nonlinearity in circuit operation. 
The specified range of voltage within the whole range will represent 
any one of the two states as shown in Fig. 1.3. The region of 
uncertainty between the two states should be as small as possible. 


5V 


whole range of input voltage 


-5V 
(a) 


Ast state 5V 


Vu azy 


uncertainty region 


2nd state 


©) 
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5V 
VOH ‘ 
Logical 
3.84 ———_—_—___—_ High Level 
Output voltage 
VOL 
Low level ov 
Output Voltage 
Logical 0 
5V 


(C) 


Figure 1.3 Schematic of logic levels. 


6. 


. The amplitude levels should be regenerated while passing 
through the digital circuit. This requirement dictates the presence 
of voltage transfer characteristics for the digital circuit as shown 
in Figs. 1.4 and 1.5. 

Digital circuits are nonlinear circuits. 


Output versus input transfer characteristics: 


VOH Fe------ High state 


Vout —> 


Low State 
VOL ---—-----— 


VILVIV2VIH 
Vin —> 


Figure 1.4 Input-output characteristics. 
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In between the logical states the magnitude of the low state 
voltage gain should be greater than unity. 


|e |=1 (1.1) 
AV, 

at V, = Vi 

or Va = Va 


Vou = minimum value of high level output voltage 
Vo, = maximum value of low level output voltage 


— 1 ay (1.2) 


| dVout/dVin=1 


Vout 


| dVoutdvin>| 1 


VoL => am ao a ad dit Se: eal“ | dVout/dVin=1 


Figure 1.5 Schematic of input-output voltage variation. 


Noninverting characteristics: 

7. The useful digital circuit must have a directivity that is changes 
in the output level should not appear at any unchanging input of 
the same circuit (there should not be feedback from the output 
to the input). In other words, there should be implicit, unilateral 
cause-and-effect relationship between input(s) and output of a 
digital circuit. 

8. Each digital circuit should be capable of driving the number of 
similar circuits. The number of similar circuits that a particular 
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digital circuit can drive without a false output is called the fan-out 
of the digital circuit. The number of independent inputs that a 
digital circuit can accept is called the fan-in of the digital circuit. 
Fan-in of this digital circuit is 3 and its fan-out is also 3 (Fig. 1.6). 


Digital Circuit1 


Digital Circuit 


Digital Circuit2 Loads 


Digital Circuit3 


Figure 1.6 Digital circuits showing fan-in and fan-out. 


1.4 Characteristic of an Ideal Digital 


Logic Element 


An ideal digital circuit (Fig. 1.7) should have the following: 


Digital 
Logic 


elements 
One Output 


Figure 1.7 An ideal digital circuit. 


oue UWUNBe 


7. 


. h inputs. 

. one output. 

. power supply voltage input. 

. ground. 

. infinite input impedance. 

. zero output impedance (drive the current with maximum 
capacity). 

negligible time delay (output appears almost instantaneously). 


Figures 1.8 and 1.9 show the ideal and actual characteristics of a 
digital circuit, respectively. 
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High State 


Switching 
Simultaneously 


Low State 


Figure 1.8 Ideal characteristic of digital system. 


Practical digital ckt 


aes F 


propagation delay 
digital ckt 


Figure 1.9 Practical digital circuits. 


1.5 Definition of Truth Table and Various 
Logic Conventions 


1.5.1 Logic Circuit 

A logic circuit is an electronic circuit which operates on digital 
signals according to some logic function. 

1.5.2 Logic Gate 

A logic gate is a logic circuit whose output depends on the inputs in 
accordance with some logic rule. 

1.5.3 Truth Table 


One of the best statements in a tabular form that describes what 
a logic circuit can do or cannot do is called a truth table. The truth 
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table is a formal specification sheet that describes the exact circuit 
behavior for all possible input combinations that is, it describes 
what its output will be for each combination of inputs. In a truth 
table there are 2” rows and the number of columns will be one more 
than the number of input variables forming the logic function. The 
“n” is the number of input variables. 

For example: If a logical function is y =f (A, B, C) thenn=3 (A, B, 
and C). 

Hence, the number of rows = 2° or 8 and number of columns is 
3+ 1or 4. 

< Truth table for the AND gate 


A B Y (output) 
0 0 0 
0 1 0 
1 0 0 
1 1 1 


1.5.4 Logical Convention 


There is specified voltage range corresponding to each 0 and 1. 
For a specific voltage values the positive and negative logic is 
demonstrated in Fig. 1.10. 


Logical 0 Logical 1 


for -Ve logic for +ve Logic 


osv 


Figure 1.10 Illustration of the positive logic. 


1.5.4.1 Positive logic 
In a positive logic system, the more positive voltage value of the two 
is assigned the logical 1 and the other is assigned logical 0. 
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For example of the voltage values 0 V and 5 V. The 5 V is logical 1 
and 0 V is logical 0. Similarly, for voltage ranges —1 V and —5 V, —1 V 
is logical 1 and —5 V is logical 0. 


1.5.4.2 Negative logic 

In a negative logical system, the more negative voltage value of the 
two available voltage values is assigned logical 1 and the other is 
assigned logical 0. 

For example, if there are two voltages values, 0 V and 5 V, 0 V is 
assigned logical 1 and 5 V is assigned logical 0. Similarly for voltage 
values -1 V and -5 V, -1 is assigned logical 0, and -5 V is assigned 
logical 1. 

In most cases, we will assume positive logic. The AND gate positive 
logic will not behave as AND gate in negative logic. 


1.6 Number System 


The data processed by the computer are numbers. A single number 
can be expressed in more than one way, using the same character- 
numerals and/or letters. The form a number will thus take depends 
on the choice of the number system. 

Any nonnegative integer N may be written in the form: 


N(b) = {a,_,b"' +a, ,b"? + + +a,b' + a,b°} (1.3) 


where “b” is the base (or radix) of the number system, “a” is the weight 
(or positional value), and n indicates how many digits (or positions) 
the number has. For a formal notation of the number N, the power of 
the base and the plus signs are deleted, leaving only the weights: 


N(b) =a, Gyo + A4 Ay (1.4) 


with the base of the number system given as a subscript inside 
parenthesis. 


1.6.1 Positional Number System 


It is asystem in which the value of each digit depends on its position 
in the number. The positional number systems are classified 
according to the base used. The number system most commonly 


Number System 


used in everyday life is the decimal number system. Its base (radix) 
is 10. Computers use the binary number system for which the base 
is 2. The digits in the binary system are often called bits and the 
standard symbols used to represent the bits are 0 and 1. 


Binary Decimal 


00 - 0 
01 =1 
r = base of radix system 


When r= 10 > we get decimal number which uses numbers 0, 1, 2, 
3,4, 9. 
When r= 2, we get binary number, that uses 0 and 1 that is (r-1). 
When r= 8, we get octal number that uses 0, 1, 2, ... (r- 1) that is 7. 
When r= 16 we get hexadecimal that uses 0, 1, 2, ..., 9, A, B, C, D, E, F. 
Any number in radix r or base r can be expressed as power of r. 
Decimal number versus binary number: 
(324),, = 4x10°+2x10'+3 x 10° 
L 


Weight of 3 of (324),, is 100 “4” in the (324),, is the least significant 
bit or digit (LSB or LSD). 

Left most digit or bit is most significant digit (MSD or MSB), such 
as 3 in (324),,. 

(1 0 0-H (21 a2 2? He 2 


1.6.2 Generalized Approach of Number System 


A number can be treated as a vector quantity as if we consider the 
sign. A number Xin radix ris represented by vector form as follows: 


(X); =X X, Xn oe XX XXX 3 Xm 
T T 
Integer part of the number Fractional part of 
Including the sign bit radix r 


X, is the i-th element of the vector representing a number. 

The value of X, is always in between (0 < X, < r-1) that is X, must 
be an integer where r is called the base or the radix of the number 
system. X, is called the sign bit of the number C. The radix point 
or decimal point elements or digits to the right hand side of the 
radix or the decimal point give the fractional part of the number and 
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the digits to the left of the radix point represent the integer part of 
number. So the length of the number is (n + m) digits. If X,_,=0 then 
the number is positive. 

However, if X,_, = (r- 1) then the number is negative. 

When r = 10, we get a decimal number system, which uses the 
digits 0-9. 

When r = 2, we get the binary number system, which uses the 
digits, 0 and 1. 

When r = 3, we get the trinary (ternary) number system, which 
uses the digits, 0, 1, and 2. 

When r=4, we get the quaternary number system, which uses the 
digits, 0, 1, 2, and 3. 

With r = 8 we get octal number system, which uses the digits (0, 
1, 2, 3, 4, 5, 6, and 7) 

When r= 16, we get hexadecimal number system, which uses the 
digits (0, 1, 2, 3, 4,5, 6, 7, 8, 9, A, B, C, D, E, and F). 

Since 10 is not the single digit number, so it represents 10 (single digits). 
For negative number X, = 1 for the binary system. 


X,,=9 for the decimal system 
X1 =7 for the octal system 
X,_, =F for the hexadecimal number system 


Any number in a particular radix r can be represented in the 
following manner: 


(a) sign and magnitude system 
(b) the (r-1)s or digit complement system 
(c) the rs complement system 


Generally, the representations of the positive number in all the 
systems are identical. 
For a positive number X, = 0 in radix r. 
X,a-2 Xn-3 + Xa Xo e Xp represents the magnitude digits of the 
number in radix r= |(X),| 
The decimal equivalent value of the magnitude of a number in 
radix ris given by: 
(Xho = Xp +X, gt AX FX HX FX re tee t XV 
The suffix of each number gives its weights (suffix r) 
n—2 
=> Xr' 
i=—m 
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A binary number is represented as 01010.11 
T: 
This gives the magnitude (n = 5, m= 2) 
But decrease it by a factor of 2 
X; X, X X Xa X> 
01010.11 
T 


Sign bit 
3 ; -2 -1 0 1 2 3 
(X,) = È X ri =X,2°+X,2 +X,2 +X,2 +X,2" +X,2 
[=-2 
1 1 2 5 
=-+—4041x24+0x2°+1x2 
4 2 
1 1 
=—+> +2+8= 10.75 
4 2 


So, ifit is a positive number so the sign bit = 0. 


1.6.3 Radix Conversion 


Say, a number x in radix r has to be converted into a number of 
radix g. 

(X), = (),(F), = The number x has got integer part and the 

fractional part of the number. 
(x),=(7), (F), 
To convert one number in radix r into a number the r number 

in radix g, we have to convert integer and fractional parts 
separately. 


1.6.4 Integer Conversion 


Let the integer part of the number be given by 
(X). = (I), (d,2d,-3 «-- d,d,), containing (n-1) digits. 
The number in radix g that is the converted number. 


(X),= (Dg = (bnz bn- = bibo) (1.5) 


Containing (n-1) digits. 

For integer conversion, first find the decimal equivalent of the 
number in radix r (decimal equivalent of the number with radix 
r= decimal equivalent of the number with radix g). 
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Let (J,),, = Z = decimal equivalent value of the given number in 
radix r. 
The decimal equivalent value of the converted number in radix g 


(glio = bu2 9" + b39" + + big + by (1.6) 

(glio = biog” Shag + +bg +B, (1.7) 

=g (b 29° +b, 39" + =+ b) + bo (1.8) 

From which I= gQ, + b, (1.9a) 
where Q, = (b, 29"? + b,_39"™° + = + b,g + by) (1.9b) 


1.6.5 Procedure for Integer Conversion 
For integer conversion we have to use repeated conversion. 


1. First divide the I by g and after this get an integer quotient Q, and 
first remainder r, = b, 
9) T (Q, 
gQ, 
by 
So, I=gQ, +b 
where Q, is an integer quotient given by Eq. 3 and b, is the first 
remainder where 0 < b, < g-1. 
2. Again divide the quotient Q, by g to get to get the second integer 
quotient to get Q.. 


So Q, =9Q, +b, 


After this we get the second integer quotient Q, and second 
remainder r, = b}. 


And this is obtained by multiplying equation. (BLANK) 


Q=9 (bg? +b, 39" + =+ b) +b, (1.8) 
Q,=92,+ 5, (1.9) 
where Q,=(b,.,g"*+b,,9°°++"+b,) (1.10) 


Repeat steps (1) and (2) until at say: 
Step (1) you get an integer quotient Q, = 0 and last remainder 
r,= b,., and thus, the remainder form in reverse order gives us the 


converted number in radix g. 
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Thus, integer number in radix (r) 
= (),.= (b,25,4Dy-4 Hep b,b,by), (1.11) 


The first remainder = b, = LSB bit of the converted number and 
last remainder. 
b,., = MSB bit of the converted number. 
(1), = (5673),, r=10 
Convert this into hexadecimal number of radix g = 16 


radix g=16 


Here we stop as Q,=0 
So, (5673),, = (1629),, 
(1629),,=1x16°+6x16’x2x16'+9x 16° 
= 4096 + 1536+32+9 
= (5673), 


(578596),,— Convert it into binary 
First convert the large decimal number into hexadecimal number, 
by repeated divisions by 16. 


16|578596 
16 (36162 ' =4 
462260 r. =2 


(578596), = (8D424),, 

Represent hexadecimal digits by 4 bit binary 
(1000 1101 0101 0010 0100), 

If leading zeroes are there we can decimal to octal. 


16 | Combinational Circuits 


1.7 Logic Gates and Logic Circuits 


Logic circuits make a series of decision to give or to obtain the 
logical answer to a problem for a given set of input conditions. It has 
to make some decisions. 

To make such decisions the three basic logic gates are used are 
OR, AND, and NOT or inverter gate. 


1.7.1 OR Gate 


The output of OR = 1 when either input or all inputs are 1 and 
output = 0 when all inputs are 0 (Fig. 1.11). The truth table and 
definition is given in Fig. 1.11. 


Table 1.1 OR gate 


Definition Truth table 
The output of the OR gate = A(S,) B (S,) 
1 if any one or all inputs are 0 0 


1 and output = 0 if the all 
inputs are zero 


PRR ojo 


0 
1 
1 


PRP ore 


A and Bare inputs and y is output. 


Electrical Analogue: 


When both the switches are open the current passes through the 
bulb and output is 1. If any one of the switch is open the current 
passes through the short circuit and output is 0. 


S1 
i | S2 
Y=A+B Y F 
8 


Logical Expression Logical Symbol Electrical Analogue 
Figure 1.11 OR gate. 


Number of input may be more than two but is limited by the fan-in 
capability (to be discussed later) of the OR gate. 
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1.7.2 AND Gate 


The truth table is given in Table 1.2. 


Table 1.2 AND gate 


Definition Truth table 

The output of AND gate = 1 A(S,) B (S,) (0 

when all inputs are 1 and 0 0 0 

output = 0 when any of the 

input = 0 0 1 0 
1 0 0 
1 1 1 


Electrical Analogue: 


When both the switches are closed the current passes through the 
bulb and output is 1. If any one of the switch is open the then the 
circuit becomes an open circuit and output is 0. 


A. Y — 
Y=A.B 4 z 
è L- 
Logic Expression = Bulb 


Logic Symbol = 


{__—- 4 


Electrical Analogue 


Figure 1.12 AND gate. 


1.7.3 NOT Gate 


This logic gate is having only one input and one output. Output of 
NOT gate is 1 when input is 0 and output is 0 when input is 1. A 
is input and y is output. The logical expression along with logical 
symbol, electrical analogue is given in Fig. 1.13. The truth table is 
given in Table 1.3. (Do the same for all basic gates) 


Bulb 


>| 
lf 


Electrical Analogue 


Figure 1.13 NOT gate. 
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Table 1.3 NOT gate 


Definition Truth table 
Output of NOT gate is A Y 
1 when input is 0 and 1 0 
output is 0 when input 

is1 $ 


The bar above the Boolean variable indicates invert of the logical 
variable. 


Electrical Analogue: 

When switch is open, the bulb glows that is input = 0, output = 1. 
The whole current will pass through the short circuited path and 
number current will pass through the bulb when switch is closed. 
Hence, output = 0. 


1.7.4 NOR Gate 


The output of NOR gate = 1 when all inputs are 0 and output = 0 
when any of the input = 1. A and B are inputs and Y is the output in 
the present case. The logic symbol and the corresponding electrical 
analogue circuit is shown in Fig. 1.14. The corresponding truth table 
is given in Table 1.4. 


Table 1.4 NOR gate 


Definition Truth table 
The output of NOR gate =1 A(S,) B(S,) C 
when all inputs are 0 and 0 0 1 
output=0 when any of the 
‘ tp z y 0 1 0 
input=1. 
1 0 0 
1 1 0 


Electrical Analogue: 

When both the switches are open the current passes through the 
bulb and output is 1. If any one of the switch is closed the current 
will pass through the short circuited path and no current will pass 
through the bulb, hence output = 0. 


= D> fire 


Logic Expression 


Logic Symbol Electrical Analogue 


Figure 1.14 NOR gate. 
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Logical expression: 
“Y=A+B 


When both inputs are zero that is both switches are opened only 
then output = 1 will be obtained. Otherwise the bulb will not glow. 


1.7.5 NAND Gate 


The output of NAND gate = 0 when all inputs are 1 and output = 1 
when any of the input = 1. A and B are inputs and Y is the output in 
the present case. The logic symbol and the corresponding electrical 
analogue circuit are shown in Fig. 1.15. The corresponding truth 
table is given in Table 1.5. 


Table 1.5 NAND gate 


Definition Truth table 

The output of NAND gate = 0 A(S,) B (S,) (0 

when all the inputs are 1 and 0 0 1 

output = 1 when any of the 

input = 1. 0 1 1 
1 0 1 
1 1 0 

Electrical Analogue: 


When both the switches are closed the current will pass through 
the short circuited path and no current will pass through the bulb, 
hence output = 1. If any one of the switch is open the current will 
pass through the bulb and output = 0. 


$1 S 
= ws 3 Bulb 
Y=A.B 
Logic Expression Logic Symbol Electrical Analoge 


Figure 1.15 NAND gate. 


NAND and NOR gates are called universal logic gates as we can 
realize any other gates by using these gates only. 
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The details of all logic gates is given in Table 1.6. 


Table 1.6 Details of all the logic gates 


Gate Truth Logical Logical Electrical 

name Definition table symbol expression analogue 

OR The output of OR=1 [4] B [Yan Y=A+B a 
when eitherinputor [0/0 | 0 ““+— logical 
all inputs are 1 and s 7 £ apr OR operator” hb 
output = 0 when all REET 8 A = f 
input are 0. 

AND TheoutputofAND py- Y=4A.B L a 
gate = 1 when all stots A s ““”— logical $ 
inputs are 1 and olila 8 ' AND operator” 
output = 0 when 1fo]1 = D 
any of the input = 0 1} 1 {1 

NOT Output of NOT gate — 
is 1 when input is Ae |r Y=A 
0 and output is 0 0 T A -N “—"_» comple- 
when inputis 1 Lae y ment (the bar bud 

above Boolean 
variable) or Æ 
— complement 
ofA 

NAND Output=1ifat a| B lan 4 
least one input = ol olo |] > Y = A.B 
0, Output = 0 if all oj1ıjļ1 
inputs are 1 Eoi 

1lıfo 

NOR TheoutputofNOR [ajay A —— 
Gate = 0, if any one a1 — Y=A+B 
input is 1 and out- of1 fo B 
put = 1, if all inputs 1/ 0/0 
are zero. ua Ral 


1.8 Logic Gates and Logic Circuits 


1.8.1 X-OR Gate or Exclusive OR Gate 


It has two or more inputs and only one output. All commercial XOR 


gates usually have two inputs. 


The output of a XOR gate will be 1 if inputs are different, and the 
output will be 0 if all its inputs are 0 or all are 1. The truth table is 
given in Table 1.7. 
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Table 1.7 X-OR gate 


Definition Truth table 
The output of a XOR gate A(S,) B (S,) 
will be 1 if inputs are dif- 0 0 


ferent, and the output will 

be 0 if all its inputs are 0 or 1 

all are 1. 1 0 
1 


c 
0 
1 
i 
1 0 
We can connect a LED and if it glows then two inputs are same 
otherwise not. 
Logical symbol of XOR gate: 
Logical expression for XOR gate: 


A > «|= 
G Y 
Y=A@B=AB+AB_ B 


Logic Expression Logic Symbol Electrical Analogue 


Figure 1.16 X-OR gate. 
Y=A@B= AB+AB 
® —> XOR operator or it is also called Modulo 2 sum. 


Y = AB + AB (1.12) 
Y= (A+ B) (A+B) (1.13) 
Y= (A + B) AB (1.14) 
Y=AB+AB (1.15) 


The four alternative expressions satisfy the logical XOR and the 
truth table is satisfied by all these, as shown in Table 1.8. 


Table 1.8 XOR gate 


A B A B AB AB Y 
0 0 1 1 0 0 0 
0 1 1 0 0 1 1 
1 0 0 1 1 0 1 
1 1 0 0 0 0 0 
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So expression (1) satisfies the truth table. 
Electrical Analog of 2 input XOR gate: 
Two switches are ganged at a time that is when one switch is 
operated other switch also operates. 

S, and S, are ganged. That is S, and S, have to close 
simultaneously. 

S, and S, are ganged. That is S, and S, have to close 
simultaneously. 

When S, S» S, S, open then the bulb will not glow —> 0, 0 

S, S3 S,S, Status of bulb 


0 0 bulb do not glow=0 
0 1 bulb glows = 1 
1 0 bulb glows = 1 
1 1 bulb do not glow=0 


The circuit will be short circuited. 
Application of XOR gate: 


1. It is used in the arithmetic section of a digital computer. 


Addition of two binary bits > sum bits carry bit will be formed the 

sum will follow the XOR gate. 

2. Two input XOR gate can be used as a one bit inequality detector 
(refer Truth table). 

3. It is used as a parity checker circuit by realizing multivariable 
XOR. (Ramp is tested in parity checker). 


1.8.1.1 Parity 
A given sequence of fixed bit pattern is said to have even parity, if 
the sequence contains even number of 1s or all Os. 

Say considering a 5 bits sequence 


11111- odd parity 
01101- odd parity 
00000-— even parity 
01101- odd parity 
01100-— even parity 


A given sequence of fixed bit pattern is said to have odd parity if 
the sequence contains odd number of 1s. How parity error can be 
detected? That is how parity checking is determined. 
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Transmitted side (TX) 


(4 bits sequence is used) Extra Bit Receiver side (RX) 

1101 0 Odd Parity <11010- no error 
1001 1 10010- error in one bit 

1101 0 11010— no error 

1001 1 10010- error in one bit 


At first we take up a 4 bits sequence. At the TX, we add one extra 
bit, so that overall sequence becomes either odd or even. Suppose 5 
bits sequence of odd type is produced. 

Receiving end knows in advance that what TX is sending is an odd 
pattern. The RX will test the parity. If it sees that it is still odd then 
number error otherwise error. 

This type of error detection by parity checking is possible if there 
is not more than 1 bit error. 

If the first bit in RX is 00010 still it is odd parity, so the error is 
number detected, whereas there are two errors 


1. But, this error detection is important in the receiver. Since the 
probability of error of a digital system is very small as P, = 10° 
and hence error detection by parity checking is efficiency used or 
can pe efiaeng used for one bit error detection. 


P= ma > out of 10° bits, there is the probability, that only one 
bit is detected by this. 


2. It can detect error, but it cannot correct error. 
For n bit parity checker circuit we require n—1 number of 2 input 
XOR gates. For 5 bit four 2 input XOR gates are required (Fig. 1.17). 


A B c D E 


LED 


Figure 1.17 Five bit parity checker circuit. 
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So, by using 4, 2 input XOR gate, we can realize 5 input XOR gate. 
This is called realization of multivariable XOR gate. An application of 
XOR gate is demonstrated in Fig. 1.18. 


Figure 1.18 Application of XOR gate. 


If light emitting diode (LED) is forward biased then it emits light. 
If LED glows then 5 bit input sequence is having odd parity and if 
LED does not glow, 5 bit input sequence have even parity. 

If 1 = 5 V say then LED will glow. If we want LED to glow, input 
must have odd number of 1s. If the input has even number of 1s then 
the output circuit gets modified to 


1.8.2 XNOR Gate or Equality Detector 


It has got two or more inputs and one output. 

The output of XNOR gate = 0, if inputs contains odd number of 1s. 
Output of XNOR gate = 1, if inputs contains all zeroes even number 
of 1s. 
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Logical symbol for XNOR or equality detector is shown in Fig. 1.19. 
The truth table of the XNOR gate is given in Table 1.9. The XOR gate 
followed by inverter gate is XNOR gate (Fig. 1.19). 


Logic Exprssion Logic Symbol 


Figure 1.19 XNOR gate. 


Table 1.9 XNOR gate 


Definition Truth table 
The output of XNOR gate = 0 A B Y 
if inputs contains odd num- 0 0 1 
ber of 1’s. Output of XNOR 

seer : 0 1 0 
gate = 1 if inputs contains all 
zeroes even number of 1’s. 1 0 0 

1 1 1 


Logical expression for XNOR 
Y = AOB 


©-—XNOR operator or equality operator. It is same as Y= AOB. The 
XNOR gate can be used as a one bit equality detector, one bit digital 
comparator. 

=AB + AB 

= (A+B) (A+B) 

=(A+B)AB 

=(A+B)AB 


Y, 


XOR 


Yeon =4B + AB 
=(A+B)(A+A) 
=(A+B)AB 
=(AB+AB)=AB+AB 
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1.9 Enable Inputs 


In Fig. 1.20, if S = 0, this will perform its expected function, but S= 1 
will inhibit the operation. 


Figure1.20 Logical symbol of enable input operation. 
Y=ABCS 


S input is called enable or strobe input when S= 0. 

S input is called inhibit input when S= 1. 

When S=0, the output Y depends upon the value of A, B, and Cand 
then perform its intended function. When S = 1, the Y is zero always 
being independent of A, B, C, and under this condition S= 1, the gate 
is called anticoincident gate and the gate performs inhibit operation. 
So, it is disabling the operation. 


1.10 OR Gate Using Diode Resistor Logic 


Two input OR gate using diode resistor logic (in positive logic 
system) along with a logical symbol of OR gate is shown in Fig. 1.21. 


ee e 


Figure 1.21 Two input OR gate using diode resistor logic. 


VA 11 
VB 12 


We assume, let the two diodes be ideal one. R; = 0 = forward 
resistance. V, and V, are positive logic inputs. The assigned voltage 
values to V, and V, are given in Table 1.10. 

Table 1.10 Assigned voltage values for the 
diode circuit of two input OR gate 


V, Vs Vo 


0 0 0 

0 5V 5V 
5V 5V 
5V 5V 5V 


as both diodes are reverse biased as I, = 0, I, = 0 
I=1,+1,=0 
V,=IR=0xR=0 
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In case, D, is reverse biased and D, is forward biased and I, = I (by 
applying KCL) 


VV vV 
R= A O in = 
2 
f 
V 
V (ogo ae A 
SRR OR 
ef RV, \_ 5 V(R) 
° “RHR,” (R+0) — 


as ideally R,=0 
when V,=5 V and V,=5 V both the diodes are forward biased. 
So, 1,+1,=1, 


V -V 
(ee = 
So R R R 
(V, +V,)R (5+5)R 

°  2R+R, 2R 


Then this circuit satisfies the 2 input 


OR gate 

V, Vs V: 
0 0 0 
0 1 1 
1 0 1 
1 1 1 


In the negative logic 0 V=1,5 V=0 as 0 V is 
more negative than 5 V. 


As R;= 0 for ideal diode V, = 5 V 
If0 V=0 
5V=1 


28 | Combinational Circuits 


1.11 Realization of an Inverter Using Transistor 


Vec=5V 


Ri 00K 


Vp=-12V 
Figure 1.22 Inverter circuit. 


An inverter circuit implemented using transistor is shown in 
Fig. 1.22. V,=—12 V is applied at the base of Q via a 100 K resistance 
so that the transistor will operate either in the cut off region or in 
the saturation region. The Q is not to operate in active region, as 
the collector and emitter current may vary; also the output voltage 
is not fixed. When Q is on, the output voltage is V) = Veg sa ¥ 0.2 V= 
Logical 0. 

When Q is at cut off V, = 5 V. The C, is used to improve the 
transient response of the transistor (The base charge is removed by 
the capacitor). 

Ve O° Vo 
0 off 5V=1-—Base is at lesser potential compared to emitter. 
5V on 0.2 V=0 > transistor is in saturation. 


Via V 
0 1 5 V=sate '1' 
1 0 0 V=sate '0' 


1.12 Boolean Algebra and Its Postulates 


This was developed by George Boole and constitutes 
mathematical basic and finds its importance after the advent of 
digital computer. 


Boolean Algebra and Its Postulates 


Boolean algebra is an algebra of logic forms the mathematical 
basis on which the logic design is based. It is used for the description, 
synthesis, and analysis of the binary logical function. It is based 
upon the concept that any logical statement can be designated true 
or false. The logical statement cannot be assigned any value other 
than 1 and 0. 


Y=A+BC 
Y= f(A,B,C) 


Whatever the binary values of A, B, C, Y can assume only two values 
0 and 1 for any set of combinations. In Boolean algebra it is based 
upon several postulates for explaining the various steps. 

Definition: It is an algebra comprising a set B (B; +, 1,-, 0, 1) that 
contained at least two elements 0 and 1 together with the operation 
(described by “+” symbol), complement operation (described by “—” 
symbol), such that if x, y, z are three elements within {B} x + y that 
is, logical OR of x and y. The logical AND of x and y is x.y complement 
of x also be in {B}. Together with the three operations the logical OR 
operation denoted by “+”, logical AND operation is denoted by (.), 
logical complement denoted by | or such that if x, y, and z are three 
elements within B then x + y that is logical OR of x and y, the x. y that 
is logical AND of x and y and X or x’ that is logical complement of x 
are also in B. (Set B). 

Axioms or postulates of Boolean algebra: 


Idempotent property x +x =x (Logical OR operator) 
Commutative property x+y=ytx 

Associative property X+(y+z)=(xt+y)+z 
Distributive property X. (Y +Z) =Xy +X.Z 
Absorptive property x+y.x=x[x.(1+y)=x] 
Complement X 


If x be any element in B that is xe B then there must exist an element 
x’ or X, which is called the complement of x where x’ or X also € B 
then x+ x=1,x.x=0 

(G) The zero or null element and one universal element. There 
exists a unique element 0 (called 0 element) where O¢B. For each an 
every element x where aeB. Then 0+ x=x+0=0 (OR) 


0.x =x.0 = 0 (AND). 
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There exists a unique element 1 (called or universal element) 
where 1¢B, for each an every element xeB we must have x+1=1+ 
x=1 

X1=1x=x 
xX+y-z=(x+y)(x+z) 
R.H.S. 
(x+ y)(x+ Z)= X.X+ y.X+X.Z+ y.z 


=X+X.Z+X.y+ y.Z 
= x(1+ z+ y)+ y.z 
=x.1+ yz 
=X+ yZ 
= L.H.S. 
= (Distributive property) 
The simplification and minimization are different. In some case, 
they may be same. 


1.13 Demorgan’s Theorem in Dual Form 


Dual form = one form is the dual of the other. 


1.13.1 Sum into Product 


Statement: This states that the complement of the logical sum 
of several Boolean variables is equal to the logical product of the 
complement of the individual variable for two inputs Demorgan’s 
theorem is expressed as 


1. A+B+C+---=A-BC.. (1.16) 


1.13.2 Product into Sum 


Statement: This state that logical complement of the product of 
several variables is equal to the logical sum of the complement of 
the individual variable. 

2. ABC..=A+B+C+- (1.17) 


For two inputs Demorgan’s theorem is expressed as 
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A+B=AB (1.18) 
AB=A+B (1.19) 


The realization corresponding to POS and SOP form of the 
Demorgan’s theorem is given in Table 1.11. Pictorial form of 
Demorgan’s theorem is shown in Fig. 1.23. 


Table 1.11 Realization of the truth table of POS and SOP form 


A B A+B A B AB AB A+B 
0 1 1 1 1 1 1 
0 1 0 1 0 0 1 1 
1 0 0 0 1 0 1 1 
1 1 0 0 0 0 0 0 
So, A+B = A.B 
And A.B = A+B (proved) 
K A A Do A 

B.B=AsB Z] pian 
B 5 B ) B 


Figure 1.23 Pictorial form of Demorgan’s theorem. 


1.14 Simplification of Boolean Expressions 
by Using Boolean Algebra 


L=AB-C+ABC+A-B-C+A-BC 
L=AB(C+C)+AB(C+C)asC+C=1 
L= (A-B) (1)+4-B (1) 

L=AB+A-B 
L=B(A+A)=B(1)=B,asA+A =1. 


The actual output is independent of C and A. To realize this 
simplification terms of the AND, NOR gate. 
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So, actually it requires 3 input four AND gates, four NOT gate, and 
one 4 input OR gate as shown in Fig. 1.24. 


Figure 1.24 Simplifications of Boolean algebra. 


By simplifying using Boolean algebra, we may not get the minimized 
expression (expression which can be realized by using minimum 
number of gates or expressions). 


L= A.B+ A.B.C + A.B.C 
L= B(A+ AC)+ AB.C 
L= B(A+ A)(A+ C)+ ABC (by distributive property) 
L= B(A+C)+ ABC 
L= B.A+ B.C + AB.C 
Simplified to some extent as 2nd term has two terms. 
= (AB+ABC)+BC 
=A(B+ BC) + BC _ 
=A(B+B)+(B+C)+BC (by distributive property) 
=A(B+C)+BC 
=AB+AC+ BC 


1.15 Logical Expression in SSOP and SPOS 
Form (Min and Max Term Form) 


Logical expression can be expressed in the following two forms: 
(i) standard sum of products (SSOP) 
(ii) standard product of sum (SPOS) 


Logical Expression in SSOP and SPOS Form (Min and Max Term Form) 


Let a logical expression which is a function of three variables may 
be expressed as: 


f (A,B,C) = A+ BC (1.20) 


A given logical expression is said to be in standard sum of 
product form. 

If each term contains the entire input variables in product form 
(either normal form or complemented form or combination of 
them) and the resulting expression of logical function is the sum of 
such product term. 

If 


f(4.B,C)=A.B.C +A.BC+ ABC + ABC (1.21) 
where each term contains the product of all the three variables 


and resulting expression is sum of all terms. Then only it is SSOP. 
But (1) is not SSOP. So, we have to convert (1.20) into (1.21). 


The converting a given logical expression in to SSOP form: 


f(A,B,C)= A+ BC = A1141.B.0 
f (A,B,C) = A(B + B)(C+C)+(A+A)(BC) 
f (A,B,C) = A(B.C)+ ABC + ABC + ABC + A.B.C 


(Using distributive property of B and A) 
If a particular term is more than once, omit one term. 


f(4,B,C) = A.B.C + A.B.C + ABC + ABC + ABC + ABC 
f(4,B,C) = ABC + ABC + ABC + ABC + ABC 


Eq. (A) is the SSOP form for the given logical function. 
f(4, B, C)=U+V+W+X+Y 
where U= ABC 
V=ABC 


W=ABC, X=ABC, Y=ABC 


f(4, 8, C)=1, if U=1, or V=1, or W=1, 

or X= 1,or Y= 1, irrespective of other values. 
If, U=V=W=X=Y=1 thenalso f(A, B C)=1 
If U=1 then A=B=C=1. 
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f(4.B,C)=1, if V=1,A=B=1,C=0 
»=1,if W=1,A=C=1,B=0 
»=1,ifX=1,A=1,B=C=0 
»=1,4=C=0,B=1 


Represent uncomplemented variable by 1 and complemented 
variable by 0. 


f(A, B,C) =1.1.1 4+ 1.1.0 + 1.0.1 + 1.0.0 + 0.1.0 
=7+6+5+4+2 


Generally written as f(A, B, C) = ¥m (2, 4,5, 6, 7) (in ascending order) 

This representation in Eqn. (B) is called the min term representa- 
tion for the given logical function. 

From Eq. (B) the truth table can be directly found out, once min 
term form for a given logical function is obtained. 

Min term representation of a given logical function is shown in 
Table 1.12. 


Table 1.12 Min term representation of a given 
logical function 


Decimal Inputs f(A, B,C) 


ABC 
0 00 0 1 
1 0 0 1 1 
2 0 1 0 1 
3 0 1 1 0 
4 1 0 0 1 
5 1 0 1 0 
6 1 1 0 1 
7 Kerr 1 


So, f (A, B, C) = ¥m (0, 1, 2, 4, 5, 7) = min term form 


Standard product to sum form (SPOS) 


f(4,B,C)=A+BC (1.22) 


same expression given logical function is said to have standard 
product of sum, if each term contains the sum of all the input 
variables and the resultant logical expression is the product for 
such term. 


If f(4,B,C)=(A+B+C)\(4+B+C)(A+B+C) (1.23) 
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It is a SPOS 
Now to convert (20) to (21) SPOS form. 
f(4BC)=A+ BC =(A+B) (A+C)=(A+B+0) (A+C +0) 
=(A+B+CC)(A+C+BB) 
=(A+B+C)(A+B+C)(A+C+B)(A+C+B) 
=(A+B+C)(A+B+C)(A+C +B)... 


Eq. (C) is the standard product of sum form. 

Say from Eq. (C) f (A,B,C) = uvw 

where u=A+B+C v=A+B+C,w=A+B+C 

This can be represented by a AND gate and f (A,B,C) = 0 ifu=0 

(A=B=C=0) 

So, we substitute 0 for uncomplemented variables and vice versa 
»=Oifv=0A=BC=1 
»=0ifw=0A=0B=C=1 


f(4, B,C) =(0+0+0) (0+04+1)(0+1+1) 
=[IM (0, 1, 3) (1.24) 


The values within the brackets of equation D will have output = 0 
otherwise = 1 and similarly from truth table max term form can 
be found. The Max term representation of a given logical function is 
demonstrated in Table 1.13. 


Table 1.13 Max term representation of a given logical 


function 

Decimal A B C f(A, B,C) 
0 0 0 0 0 

1 0 0 1 0 

2 0 1 0 1 

3 0 1 1 0 

4 1 0 0 1 

5 1 0 1 1 

6 1 1 0 1 

7 1 1 1 1 


f(AB,C) =AB+ BC. In order to convert into max term form, first 
convert to SPOS form 


= AB(C +C)+(A+ A)BC = ABC + ABC + ABC + ABC = ABC + ABC + ABC 
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Because, it is easier to convert to the min term form and then 
convert to max term form. So, whichever is suitable we convert it 
into that first min term or max term. 


=111 +110 + 010 =m (2, 6, 7) 
f (4.B,C) =TIM (0, 1, 3, 4, 5) 


as those terms absent in min term are present in the max term form 
(This is an intelligent alternative way of getting max term form). 


f(A, BC) =TIM (1, 3, 5) =(001)(011)(101) 
(A+B+C)(A+B+C)(A+B+C) 
So f (4, B, C)=¥'m (0, 2, 4, 6, 7) 


If min term form is given: 


f(A, B, C) =m (0, 1, 6) 
=000+001+110 
=ABC+ABC+ ABC 


as zero replaced by complemented variable and 1 by the un- 
complemented variable. 
Now let us explain a little bit about min and max terms. 


1.15.1 Min Terms 


If a logical function of multiple variables is expressed in the form of 
sum of product terms and each product term contains all the variables 
either in the normal form or complemented form or combination of 
both the forms then each term is called the min term and the function 
under such condition is said to be standard sum of product form (SSOP). 

Example: Let y =f (A, B, C) be a logical function of three variables 
(A, B, and C). 

Suppose y= BC+ ABC + ABC+ABC+ABC+ABC+ABC +ABC 

Then y is in SSOP form and each term of it is called min term. 


1.15.2 Max Term 


If a logical function of multiple variables is expressed in the form 
of product of sum terms and each product term contains all the 
variables either in the normal form or complemented form or 
combination of both the forms then each term is called the max term 
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and the function under such condition is said to be standard product 
of sum form (SPOS). 


Example: 


y=(A+B+C)(A+B+C)(A+B+C)(A+B+C) 
(A+B+C)(A+B+C)(A+B+Q (A+B+C) 


Each term is called max term and the logical function is then said 
to be standard product of sum form. 

The main difference between min and max term is that the normal 
logical variable is taken as logical one in case of min term (A= 1,= 0) 
but it is taken as logical zero in the case of max term (A=0, = 1). 

Universal gates: The two gates namely NAND and NOR are called 
universal gates as we can realize all the other gates from those two 
gates separately. 

So, as any logic gate can be realized by using either NAND or NOR 
gates only and hence NAND and NOR are called universal gates. 


1.16 NAND as a Universal Gate 


Any gate that can realize all logical functions is said to be 
universal gate. 


1.16.1 NOT Gate from NAND 


Logical expression 


j} BA=E 
A i 


A 


Figure 1.25 NOT gate from NAND gate. 


The logic circuit of a NOT gate from a NAND gate is shown in 
Fig. 1.25. 

So, a NAND gate acts as a NOT gate with 1 input and 1 output. 
Higher input (4 input) NAND can also be used to realize NOT gate as 
shown in Fig. 1.26. 
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A 


Figure 1.26 NOT gate from four input NAND gate. 


1.16.2 OR Gate from NAND 
Logical expression from OR 

Y=A+B 
Making complement of a complement 


Y=A+B=A+B 
from Demorgan’s theorem. 


Y=A+B=A.B 


The corresponding logic circuit is given in Fig. 1.27. 


A 


Figure 1.27 OR gate from NAND gate. 


1.16.3 AND Gate from NAND Gate 


Logical expression for AND 
Y=AB 
Y=AB 


A — 


B —__— 
A.B 


Figure 1.28 AND gate from NAND gate. 


The logic circuit is given in Fig. 1.28. 
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1.16.4 NOR Gate from NAND Gate 


Logical expression 


B 


Figure 1.29 NOR gate from NAND gate. 


The logic circuit is depicted in Fig. 1.29. So, we require 4 NAND gates. 


1.16.5 XOR Gate from NAND Gate 


Logical expression 
Y=A.B+AB 
Taking complement on both sides 
Y=AB+AB 
Now Demorganizing the right hand side, 
Y=AB+AB 
Again taking complement on both sides 
Y=AB-AB=CD 
Let A.B =C 
Let A.B =D 


A(A+8)= A ArA B= 0+4B 


Figure 1.30 XOR gate from NAND gate. 


The logic circuit is depicted in Fig. 1.30. 
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1.16.6 XNOR Gate from NAND Gate 


Logical expression for XNOR or equality detector: 


Yxor Yxnor 


Figure 1.31 XNOR gate from NAND gate. 
Y = AB+ AB=Y,.. 


The output of XOR gate to another NOT gate. 
So, we require 5 two input NAND gate to realize XNOR gate as 
shown in Fig. 1.31. 


1.17 NOR as a Universal Gate 


1.17.1 NOT Gate from NOR Gate 


Y=A 


es 


Figure 1.32 NOT gate from NOR gate. 


The logic circuit is depicted in Fig. 1.32. 
Y = A+ A (as A+A =A) 


1.17.2 AND Gate from NOR Gate 


Y=AB 
Y=AB 
Y=A+B 
Y=AB R A Fib = AB 
Y = AB = 
fe 8B 
y-A+B B 


Figure 1.33 AND gate from NOR gate. 


The logic circuit is shown in Fig. 1.33. 
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1.17.3 OR Gate from NOR Gate 
Y=A+B 


Figure 1.34 OR gate from NOR gate. 


The logic circuit is shown in Fig. 1.34. 


1.17.4 NAND Gate from NOR Gate 


Y=AB=A+B 


Y =AB=A+B 


Figure 1.35 NAND gate from NOR gate. 


The logic circuit is shown in Fig. 1.35. 


1.17.5 XOR Gate from NOR Gate 
Assume in the form of product of sum form POS. 
Y =(A+B)(A+ B)= AB + AB 


Y =(A+ B)(A+ B)=(A+B)+(A+B) 


Y=Y=A+B+A+B=C+D, C=A+B,D=A+B 


At+B=C 


Figure 1.36 XOR gate from NOR gate. 
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So 5 two input NOR gate is required to realize 2-input XOR gate as 
shown in Fig. 1.36 or it can be realized in this way (Fig. 1.37). 


Figure 1.37 XOR gate from NOR gate in other way. 


The realization of XOR gate is more economical with NAND gate. The 
realization of XNOR gate is more economical with NOR gate. 
(as 4 NOR gates are only required) 


1.18 AND-OR Logic 


For example-1 
Y=AB+ BC (Sum of product form) 
Realization of the expression by AND, OR and NOT gate is shown in 


Fig. 1.38. 
AB 


A.B+B.c 


Figure 1.38 Realization of a logic function using AND, OR and NOT gate. 


If Y= (A + B) (B + C) = product of sum form OR AND logic, or and 
then AND NOT gate. 
The realization is shown in Fig. 1.39. 


= A+B (A+B)(B+C) 


C B+C 


Figure 1.39 Realization of a logic function using OR and AND logic. 
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But none (1) and (2) are not SSOP or SPOS. (Standard sum of product 
SSOP or Standard product of sum SPOS) 
If we want to realize SSOP or SPOS then we have: 


1. by using either NAND or NOR (universal gate) 
2. by NAND gate and by NOR gate (given a choice) 


Rule: Sum of product form should be realized by using NAND gates 
only whereas the product of sum form can be better realized by NOR 
gates only. 

Y=AB+ BC 


Y=AB+BC 


Y=AB. BC 
Realization by NAND gates is shown in Fig. 1.40. 


AB 


AB. BC 


Figure 1.40 Realization of a logic function in SOP form using NAND gate. 


Realization by NOR gates is shown in Fig. 1.41. 


Y =(A+B)(B+C) 


Y =(A+B)(B+C) 


Y =(A+B)+(B+C) 


Figure 1.41 Realization of a logic function in SOP form using NOR gate. 
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1.19 Gray Code and Binary to Gray 
Code Conversion 


Now, we will discuss about K map method of simplification of the 
logical expressions. But K map utilizes a special coding scheme 
which requires some elaboration of gray code as K map uses it. 


1.19.1 Gray Code 


It is a reflected nonweighted binary code. 


1.19.2 Binary Code 


Binary number 1101 = 1 x 2°+1x 2?+0x2'+1x2°=8+4+ 
0+1=13 
So, binary code is a weighted code but gray code is nonweighted. 


Table 1.14 Gray code representation of decimal numbers 


o|o|0 
Decimal code Binary code Gray code a “4 1 
: aa asi txts Mirror 
i 001 001 ah p- 
2 010 011 ~ see Mirror 
3 011 010 
i ae 

l 

5 F a 1,0!1 
: P RE 11010 


That is why gray code is called reflected code. 

In the gray code any two successive numbers differ by one bit only. 
This is called unit distance property of a gray code that is only one 
bit change between successive number 5-6 whereas, more than one 
bit (5 = 101, 6 = 110) have changed. 

This unit distance property of the gray code is utilized in 
the Karnaugh Map for minimizing a given logical function. 
Representation of the decimal numbers by binary code and grey 
code is given in Table 1.14. 
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1.19.3 Binary to Gray Code Conversion 


1. 111 (binary of decimal 7) ... 100 (gray code of decimal 7) 
Most significant bits will remain same for gray code. 

2. Perform exclusive-OR between the successive bits starting MSD. 
(MSDs next bit both are “1” in binary have XOR is 0. Similarly, the 
2nd and 3rd bits). 


Decimal Binary Gray Code 


57 111001 100101 


1.20 Karnaugh Map 


It is a graphical method of minimizing a given logical function or 
given result table. The K map is a diagram in which each term of 
a logical function or each row of a truth table occupies a specific 
area in the diagram. The importance of the K map lies in the fact 
that the manner in which the areas are chosen so as to minimize 
a given logical function by usual inspection. For n number of input 
variables (for a logical function) the K map will contain 2” number of 
cells or squares cells or squares are arranged in a matrix of rows and 
columns. The rows and columns are numbered by using gray code. 


1.20.1 Limitation 


It can minimize a logical function ifn < 6. 

For a K map the number of input variables, n < 6, for n = 6, the 
other method of minimization are used. In K map, a given area or 
cell or squares can have either 1s or Os but not both. 


Table 1.15 Truth table of the 
given logic function 


Decimal A B Y 
0 0 0 1 
1 0 1 0 
2 1 0 1 
3 1 1 0 


f(A, B)==m (0, 2). 
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To simplify the truth table shown in Table 1.15 for n = 2, number of 
cells or squares = 2? = 4. 

We use 

2 rows or 2 columns 

or 

4 columns and 1 row 

1. 2 rows or 2 columns 


2.4 columns and 1 row 


Q 1 2 3<-for grey code 


The gray code is used for column number as unit (blank) property 
is utilized here. 

Any two cells in K map will be called an adjacent cell. 

Two or more cells are said to be adjacent cells if 1, 2, 3 variables 
can be eliminated between them or in other words, two cells will be 
called adjacent cells if the two cells differ only in one bit value. 

That is 1 and 1 in graph can be continued. 


Y =m, +m, = AB+ AB=00+10 < in binary 
= AB+ AB =B(A+ A)=B(- A+ A=1) 


<. Y=Bis independent of A. This is what the truth table is showing 
after the minimization. 
So realizing it— 


B—[>o—y pf] =F al) >r 
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If the truth table is; 


We cannot combine these two cells. So, they are not adjacent 
cells as the two cells differ by more than 1 bit. So, we encircle them 
individually. 

Let us consider, Y as in the following: 


Y =00+11 
Y = AB + AB 
Y=A®B 


(When we plot 1 in the K map the resulting expression will be in the 
form of SOP) 
So, Y is the XNOR logic. So, for all expressed in min term form. 
Now let us, try with max terms. For plotting in f (A, B) =I] M (1, 3) 
K map. 


Whenever, it is in the form of max term, plot 0 in K map. 
So, we can combine the two cells. 
f(A, B)=(M,) (M,) 
= (0 1) (1 1)—> in binary 
=B (1.25) 


Examples: 
f(A, B, C)=%m (0, 1, 3, 5, 7) minimize this by K map. 
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As number of variables is three, eight cells are required = 2° 
conversion is four columns and two rows. 


Loop! Loop II 


By K-map y=contribution of loop | 
+contribution of loop II 


=AB+C 


Column variables identified by BC always m, m, m, all written with 
respect to binary numbers. So, minimization proceeds as: 
(Analytical ways) 
f(A,B,C)=(m, +m _)+{(m _tm,)+(m, +m, )} 
=(000+001)+{(001+011)+(101+111)} 
= (ABC +ABC)+{(ABC+ ABC) +(4BC + ABC)} 


= AB(C +c) ' \Ac(B B) ' AC(B B)} 
=AB+[AC+AC} 
oe +A} 


So, two adjacent cells when combined eliminate one variable that is in 
result (1.25) where (A, B) is eliminated to B only. Four adjacent cells 
when combined two variables are eliminated (2nd loop II). In general, 
we can say if we combine 2” adjacent cells, n variables are eliminated. 

Three cells cannot combine, combination of cells always in 
multiples of 2” (2, 4, 8, 16, ... ). But six cells, 12 cells (multiple of 2) 
cannot be combined for simplification. 

Three variables Karnaugh Map: 

Let us take an example of three variables K map. 

y=f (A, B, C) = ¥m (1, 3, 5, 7)—>As it has three variables hence 
there are 2° = 8 cells which can be arranged in two rows and four 


columns. 
BC 99 01 11 10 
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The combining 2” adjacent cells/squares will eliminate n number of 
variables, here n= 2 as 2° = 4 cells are adjacent. 

y = f (A B, C) = C by visual inspection variables A and B are 
eliminated. 


y=f(4,B, C)=¥ m(0, 1, 2, 3) 


mz] As no. of adjacent cells are four 22 
2| Hence n=2, so two variables are 
i eliminated. From the encircled 
6 loop y=A (B and C are eliminated) 


y =f (4,B,C) = A. As both B and C can be eliminated from the 
columns 


Example: y = f(A, B, C)=¥m (0, 2) as the two cells becomes adjacent 
cells by folding it. 


y= f(A,B,C)= AC 
Example: y =f (A, B, C) = ym (0, 6) 


None of the cells will combine with each other and both the cells 
are called Essential Prime Implicit. Final minimized expression 
will be: 


y= f(A,B,C) =(000+110) = ABC + ABC 


From the few examples illustrated above we can predict the rules 
for taking combination of adjacent cells. 

Rules for taking combination of adjacent cells: 

To select the combination, the rules are as follows: (In K map) 
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1. In each combination of cells or squares containing 1s or zeroes, 
there should be at least one cell, which is not involved in any 
other combination. 

2. All the cells or squares containing 1s or Os should be combined 
in such a way so that all the cells or squares can be combined by 
using minimum possible number of combination (that is we have 
to accommodate more number of 1s or Os in each combination as 
possible so that the number of such combinations should be as small 
as possible. 


For a four variable K map: 
y=f (A, B, C, D)=¥m (1,5, 6, 7, 11, 12, 13, 15) 


It has 2*= 16 cells with 4 rows and 4 columns as shown in 
Fig. 1.42. 


Figure 1.42 K Map 1 (A four variable K Map). 


A four variable boolean function is given as y = f (A, B, G D) = Xm 
(1,5,6,7,11,12,13,15). The corresponding K Map is shown in Fig. 1.43. 


Figure 1.43 K Map 2. 
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Figure 1.44 K Map 3. 


Another four-variable function is given by 


f{(4,B,C,D)= ACD + ABC + ABC + ACD 
The corresponding K Map is given in Fig. 1.45. 


Figure 1.46 K Map 5. 


The logical expression for this K Map is given below. 


y =f (A,B,C,D) =000-+01-0+110-+10-0 
= ABC +ABD +ABC +ABD 
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y =f (A,B,C,D) => m(2,3,8,10,12) 
y =f(A,B,C,D)=1-00+001-+10-0 
= ACD + ABC +ABD (1.26) 
So, this is final minimum expression. But minimized expression 
may be more than one. We take that minimum expression and 


can be realized for minimum number of gates. The K Map for this 
expression is shown in Fig. 1.46. 


Figure 1.47 K Map 6. 


Another solution to the K Map shown in Fig. 1.47 is also possible 
and it has been shown in Fig. 1.48. 


Figure 1.48 K Map 7. 
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The expression for this K Map is given as 
y =f(4,8,C,D) = m(2,3,8,10,12) 
y =f(A,B,C,D) =001-+1-00+-010 
= ACD + ABC + BCD (1.27) 


The last term in Eqs. (1.26) and (1.27) are same, so any one of them 
can be considered as the final minimized expression as the other 1st 
two terms are same. 


1.20.2 Plotting Zeros (Max Term Representation) 


(Instead of 1) So max term expression will come as shown in 
Fig. 1.49. 


From K.map.8 
y=I(A,B,C,D)31M(0,2,8, 10) 

All the four zeroes can be combined by 
fokiing twice. 


y=I(A,B,C,D)}=(-0-0)=(B+D) 


Figure 1.49 K Map8. 


K Map is given in Fig. 1.50. 


CD 00 


For K.map9: 

y="(A,B,C,D)=11M (2,5,6,7,13,15) 

From K.map9 we get: 
f(A,B,C,D)=(-1-1){0-10) 

=(B+DyA+C+D) 

it is the form of SOP but not in the form of 


[ne 
RUT e 
CLEC 


Figure 1.50 K Map 9. 


1.20.3 Five Variable K Map 


There will be 32 squares (2°). It is plotted by two adjacent K-maps. 
(K-map11 & K-map12) as demonstrated in Fig. 1.51. 
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Example: f (A, B, C, D, E)=¥m (0, 1, 2, 3, 16, 17, 18, 19) 

NCD po 11 0 01 11 10 
Oa ee i 5 


N 

w r 
IND a 
N 


W 
por 
wW 
°o 


N 
® 


(a) (b) 
Figure 1.51 (a) K Map 10 and (b) K Map 11. 
From Fig. 1.51(a), minimized expression is 
ABCDE 
y, =(000—~) = ABC(-. A=0) 
From Fig. 1.51(b), minimized expression is 


ABCDE 
y, =(100-~) = ABC(:- A=1) 


So, final minimized expression is 


V=),+, = ABC + ABC =(A+A)BC 
yy =BC 


That is three variables are eliminated. 


1.20.4 Six Variable K Map 
Let us take an example 
y =f (A, B, C, D, E, F) =}; m (0, 1, 2, 3, 32, 33, 34, 35, 48, 49, 50, 51) 


For six variables K map we should have 2°= 64 cells or squares. This 
is arranged by using four variable map as shown in Fig. 1.52. 
From Fig. 1.52(a), minimized expression. 


ABCDEF 


y, =(0000-~) = ABCD(-. A=0,B=0) 


Karnaugh Map 


NEF 0001 11 10 SEF o0 0 11 10 
cD cD 

oo|) 1 1 1 1 oo| ! 1 1 1 | 
01 01 | 


(a) (b) 
Figure 1.52 (a) K Map 12 and (b) K Map 13. 


From Fig. 1.52(b), minimized expression: 


ABCDEF 
y, =(0100-~) = ABCD(-: A=0,B=1) 


From Fig. 1.52a, minimized expression: 
ABCDEF 


y, =(1000-~)=ABCD(-. A=1,B =0) 


From Fig. 1.52b, minimized expression: 
ABCDE 


y, =(1100--)=ABCD( A=1,B =1) 


Final minimized expression: 


Y= Vit V2tV3t Va 


y=f (A,B,C, D,E,F) = ABCD + ABCD + ABCD + ABCD 


= ACD(B + B)+ ACD(B +8) = ACD + ACD =(A+ A)CD = CD 


So, four variables are eliminated from 2’= 16 variables combination 
(the first row of all squares). This is the maximum number of input 
variables for which K map is used. For minimizing the logical 
function by K map we should keep in mind that K map can be applied 
for minimization of logical function if logical function is given either 
in min term form or max term form or if the truth table for a logical 
function is given or if logical expression is given (but the number of 
input variables is less than or equal to 6). 
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Simplify or minimize by the K map of the following logical function. 


y= f (A,B,C,D) = ABC + ABD +CD 


Convert the logic function to SSOP or SPOS and then express it in 
terms of max or max term function and then apply the K map. 


= ABC(D+D)+ AB(C+C)D+(A+A)(B+ B)CD 
= ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 


— SSOP form 
= 0001, 0000, 0011, 0001, 1111, 1011, 0111, 0011 
f(4B C)=>¥m (0, 1,3, 7, 11, 15) 

= min term form 

=|] M (2,4, 5, 6, 8, 9, 10, 12, 13, 14) 

= max term form 


Now draw the K map plot 


1. for min term form shown in Fig. 1.53 and 
2. for max term form shown in Fig. 1.55. 


CD go 


Figure 1.53 K Map 14. 
f(A,B,C,D)=(000-)+(--11)=ABC+CD [sor orm 


So, final minimized expression in SOP form (for realization by NAND 
gate, we always express the minimized expression in SOP form). 
Taking complement on both sides: 


f (A,B,C, D)=CD + ABC =CD.ABC 
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Again complementing both sides: 


y= f (4,B,C,D)= f(4,B,C, D) = CD.A.B.C 


Realization by NAND gate is shown in Fig. 1.54. 


f(A, B, C, D) 


Figure 1.54 Realization of a logic function using NAND gate. 


For realization of the function we require five two input NAND 
gates and one three input NAND gate. Some NAND gate in the form 
of chips is given in Table 1.16. 


Table 1.16 Specification of ICs 
7410 7400 7402 7432 7408 7486 7404 7420 7430 


Triple Quad Quad Quad Quad Quad Hex Double Single 
three two two two two two inverter four twelve 
input input input input input input gate input input 
NAND NAND NOR OR AND XOR NAND NAND 
gate gate gate gate gate gate gate gates 


Now, plotting with the max term in the form of POS and can be 
realized by NOR gates. 


f(A,B,C,D)=(—-10)(-10-)(1-0-) 
=(C+D)(B+C)(A+C) 
minimized expression in POS form. 


Figure 1.55 K Map 15. 
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Realizing it by NOR gate 


f(A,B,C,D)=(C + D)(B+C)(A+C)=C+D+B+C+AtC 


y= f(A,B,C,D)=C+D+B+C+A+C==u+vt+w 


where, u=C+D,v=B+C,w=A+C 


Realization by NOR gates is shown in Fig. 1.56. 


f(A, B, C, D) 


Figure 1.56 Realization of a logic function using NOR gate. 
We do not have three input NOR gate in lab, we have two inputs. 
Y = A+ B+C =3 input NOR gate expression. 


How we realize it by using two input NOR is shown in Fig. 1.57. 


A+B A+B a 
yee 
G 


Figure 1.57 Realization of a 3 input NOR gate using 2 input NOR gates. 


Why is a logic function called min term function or max term form? 
f(A,B,C)= ABC + ABC 


This is SSOP and it is min term form. 


ABC = consider the single min term of the given logic function. 
Plotting this single min term in K map 


For each logic minterm, the K-Map will be 
filled up by minimum no. of 1's. So itis 
called minterm, we have only one 1 in the 
K-Map. 
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Example: 
if f (A,B,C) = (A+ B + C) (A + B + C) = (000)(100) = TIM (0,4) 
Q.f (A, BC) =(A+B+C)(A+B+C) 


A+ B+ Cis zero when all three variables are zero. The expression is 
in the form of SPOS. 


So, for each max term, there are maximum number of 1s, so max 
term form. So, maximum number of 1s occupies the cells of a K map 
in max term form. 

Minimize the following logical function by using three variables 
K map for a four variable function. 


f(4 B, G D)=¥m (0, 2, 3, 5, 6, 7,9, 11, 13) 


So, we have to plot two 3 variable K maps. First search for any cell in 
Fig. 1.58(a) and Fig. 1.58(b) which have got the same position with 
respect to BCD and which do not have any other combination. X and 
Y are combined between the two K maps, BCD position. 


Fig a: A=0,(0-7),X Fig b: A=1, (8-15), Y 


(a) (b) 
Figure 1.58 Three-variables K-Map for a four-variable function. 
So, we have four combinations and we have four terms. 
f(A, B, C D) = (0-1-) + (00-0) + (10-1) + (-101) 
=(AC)+(ABD)+ (ABD) + (BCD) (1.28) 
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We can verify by using four variables K map. 


f(A,B,C,D) =(0-1-)+(00-0)+(10-1)+(-101) 
=(4c)+(4BD)+(ABD)+(BCD) (1.29) 


f(A, B, C, D) = (0-1-) + (00-0) + (-101) + (10-1) 
which is same as Eq. (1.28). 


1.21 Completely and Incompletely 
Specified Logic Functions 


Logical functions are of two types: 


1. completely specified logical function 
2. incompletely specified logical function 


A logical function whose output is specified for all possible input 
combination called completely specified logical function. A logical 
function whose output may not be specified for certain input 
combinations/conditions or for which a certain input combinations 
may never occur is called incomplete specified logical function. A 
table showing examples of completely and incompletely specified 
logic functions is shown in Fig. 1.59. 


Minimization of Incompletely Specified Logic Functions 


Inputs Output 


RPRPrRPrRPOoOCOO DT, 
PRPROOrRROOW 
PORPROrRORONO 
x Kx OCORORS 


Figure 1.59 Completely and incompletely specified logic functions. For the 
last two conditions the output is not fixed. 


As generally, an unknown quantity is represented by X, which is 
called the do not care condition, because the output may be 0 or 1 
but it is not specified. This is an example of Eq. (2). 


1.22 Minimization of Incompletely 
Specified Logic Functions 


Another thing is that, certain input combinations are not fixed 
for which same multiple output logical function is one which may 
have more than one output for each possible input combination for 
example of multiple output logical function. 

The 9’s complement circuit (in binary) is a multiple output 
incompletely specified logical function (Fig. 1.60). 


F's Complement 


circuit in binary 


Ua wr 
NH Ma 


Figure 1.60 Block diagram of an incompletely specified logic function. 


The 9’s complement circuit should be such so that bit binary 
output + 4 bit binary input = (9),,=1001 
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Truth table for 9’s complement circuit is given in Table 1.17. 


Table 1.17 Truth table for 9’s complement circuit 
fet prehre 


[fp pio ps greater than 9, output cannot be 
obtained. 


These are don't care conditions. Do 
ijl Cx [x ¥ wa x 
Fep X NEIE y not care conditions for any input 


w= > m(0,1)+ X a(10,11,12,13,14,15)= f (A,B,C,D) 


w = 1 when input combination is binary equivalent of decimal 0 or 
decimal 1 and w = do not care when input combination is binary 
equivalent of decimal 10, 11, 12, 13, 14, and 15. 

For a four bit binary 9’s complementary circuit input > 9 is not 
possible or output for input > 9 is do not care. So, we put the do not 
care conditions for all WXYZ in the O/P. 


X=Ym (2,3, 4, 5) + Xd (10, 11, 12, 13, 14, 15) =f (4, B, C, D) 
Y=Ym (2,3, 6, 7) + Xd (10, 11, 12, 13, 14, 15) =f (4, B, G D) 
Z=¥m (0, 2, 4, 6, 8) + Xd (10, 11, 12, 13, 14, 15) 


For getting the minimized expression for W, X, Y, Z we have to use 
four variable Karnaugh Map demonstrated in Figs. 1.61-1.65. 


W=ABC=A+B+C 

Even when don't care because 1, it cannot 
combine and form adjacent cells. So we do 
not consider the don't care condition. 


K-map for X without including the don't 
care conditions. 
X=(001-}+(010-)=ABC+ABC 

But expression for X can be further 
simplified if we take dont care 
conditions into our condition. 


Figure 1.62 K Map for X without incorporating do not care conditions. 


Minimization of Incompletely Specified Logic Functions 


K-map for X incorporating dont care 
condition. The expression for X is now: 
X=(01-)+(-10-) 

=BC+BC=BeC 


it will eliminate three variables if we 
consider don't care condition. 


z=(—0)-D 
So, W=A+B+C, X=B@C , Y=C, Z=D 


Figure 1.65 K Map for Z. 


Realizing this by logic gates as shown in Fig. 1.66. 


Qw» 
= 


This gives the 9's complement circuit. Realize 9's 

complement circuit by NOR and NAND gate. 

x W=1, when A=B=C=0 (acts as a NOR gate) 
W=0, when any A or B of C=1 


Figure 1.66 9’s Complement circuit of the logic function. 


And X is a XOR gate as it satisfies XOR truth table and Y is same as 
Cand Zis complement of D (verified from Truth table). 
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This is an example of incompletely specified function. So, 
minimize such expression by K map, we have to include the Do not 
care condition, in which case the minimized expression is reduced 
to a much simpler form. At the same time it is also an example of 
multiple output logical function as more than one output occurs. 


1.23 K Map Consideration 


1. Include all the combination of the cells or square as a term in the 
minimized expression. 

2. If a cell or square cannot be combined with any other cell then 
it is called the essential prime implicants. This should also be 
included in the final minimized expression. 

3. If there is more than one minimized expression, take one whose 
cost of realization is minimum as the final minimized expression. 


Limitations: 
(a) It is a graphical method. 
(b) It can be used when input variable is limited upto six only. 


1.24 Digital Arithmetic Half Adder/ 
Half Subtractor 


In digital system, addition and subtraction are the fundamental 
arithmetic operations as multiplication can be done by repeated 
addition and division can be done by repeated subtraction. As 
multiplication and division can be implemented by: 


4x3=12544+44+4 


We subtract 2 five times so quotientis 5 and 

remainder is 1. When remainder becomes 
n=4 less than quotient stop at that point. Subtraction 

can be done by addition of two's complement of 
n=2 addent bit with augend bit. Hence, it canbe 

concluded that addition is the fundamental 
n=3  arithmatic operation 


d 
pr 


a 


n=4 


Nw 


Digital Arithmetic Half Adder/Half Subtractor 


Simplest adder is called the HALF adder, it is a circuit which adds 
2 binary bit at a time (Fig. 1.67). Half adder circuit contains 2 input 
bits. The Augend bit and Addend bit two outputs sum (S) and 
carry (C). 

The truth table of a half adder is shown in Table 1.18. 


A S 
H. A CIRCUIT 
B C 


Figure 1.67 Block diagram of a half adder circuit. 


So, it is a multiple output function. 
Addition of two binary bits are defined as: 


Augend bit A>0 0 1 1 Why (1+1) gives S=0 and C=1? 

Addend bit B> As (1+1)=2 and 2 in binary is 
Si ġa g = =0 represented by 10 hence (1+1) 

c=0 C=0 C=0 C= gives S=0 and C=1. 


Table 1.18 Truth table for half adder 


Decimal A B S C 
0 0 0 0 0 
1 0 1 1 0 
2 1 0 1 0 
3 1 1 0 1 


satisfies XOR logic and C satisfies AND logic. So XOR gate is applied in 
the Arithmetic section of Digital Electronics. (When both inputs are 
same logic output is 0 otherwise 1) Gate is applied in the Arithmetic 
section of Digital Electronics. From the truth table of half adder it 
is seen that 

S=y¥m (1, 2) 

C=¥m (3) 


K Map for carry is shown in Fig. 1.68 and the logic circuit of a half 
adder is depicted in Fig. 1.69. 


65 


66 | Combinational Circuits 


K-map for carry (C):C=(11)=AB 


Figure 1.68 K Map for carry. 


Sum (S) 


Carry(C) 


Figure 1.69 Logic circuit of a half adder. 


The logic circuit of a half adder using NAND gates is shown in 
Fig. 1.70. 


A Sum 


y 


Carry 


Figure 1.70 Half adder with NAND gates. 


One and a half 7400 ICs are required, as 7400 is a quad 2 input 
NAND gate and here we require 6 gates. 


1.24.1 Subtraction of Two Variables or Half Subtractor 


It is a circuit which subtracts one binary bit called subtratend 
bit from the other bit called minuend. Half subtractor has got 
two output—one is called the difference (D), other is called the 
borrow (B). 
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Truth table data for half subtractor is given in Table 1.19 
Table 1.19 Truth table of half 


subtractor 

Decimal A B D B 
0 0 0 0 0 
1 0 1 1 1 
2 1 0 1 0 
3 1 1 0 0 


D follows XOR logic D= A ® B and f follows AND operation together 
with NOT operation. 


B=01 
B = AB 
Realizing by the NAND gate (Fig. 1.71). 
A 
-B D 


A AB 
Figure 1.71 Half subtractor with NAND gates. 


So, the half subtractor has a more complicated circuit as it requires 
one more NAND gate. We can use HS and HA by using 1 control. 

HALF adder/half subtractor realization by using a control input M 
is shown in Fig. 1.72. 

For M=0 we get a half adder circuit 

For M = 1 we get a half subtractor circuit 


A f1(S or D) 
B 
M £2(C or B) 
When f1=S 
f2=C 


Figure 1.72 Block diagram of a half adder/half subtractor with a control 
input M. 
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Truth table data for H.A./H.S. is given in Table 1.20 


Table 1.20 Truth table for this can be 
written as follows 


Decimal M 


~ 
Sh 


NAUAWNRO 
RPRPRROOCO 
BEGOK GOTS 
RPOROrRORO!]YD 
SCrRROORRO 
SCOoOROCOROCCSO 


f, (M, A, B) =m (1, 2,5, 6) 
f, (M, A, B) = 2m (3,5) 


f, satisfies the XOR logic between A and B. Output is zero when even 
number of 0 or 1. So it is independent of M. 


K-map for f (M,A,B) _ 
f,=(-01 )+(-10)=AB+AB 
=A @ B=which is XOR gate 


Since, S and D both satisfy the XOR logic, so f, whether it is S or D, 
will satisfy the XOR logic and independent of M. 


K-map for f2 (M,A,B) 
iF (011)+(101)=MAB+MAB 
=B(MA+MA)=B(M ®A) 


Realizing f, and f, with a control input M is demonstrated in Fig. 1.73. 


D f=AOB 


MOA 


Figure 1.73 Logic circuit realization of the functions f, = (M,A,B) and 
f,= (MA, B). 


B. MƏ A=f 


When switch M is grounded (Logic = 0) f, and f, will satisfy half 
adder output. 
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If M is connected to +5 V (Logic = 1) f, and f, will satisfy half 
subtractor output. 


fp=B(M@A) 


Figure 1.74 Logic circuit realization of the functions f, = (M, A, B) and 
f,=(™,4, B) using NAND gate. 

Ten NAND gates are required for this (Fig. 1.74). 

For multiple bit addition and subtraction HA and HS are not 
suitable. 

That is 

011 
011 


0 (Since there is a carry, 3 bit addition have to be done which is 
not possible with half adder. 


1.25 Full Adder and Full Subtractor 


It adds three binary bits at a time. The two binary bits are called 
augend bit and addend bit and the other bit is called the carry bit 
from the previous stage (Fig. 1.75). 

here A = augend bit and B = addend bit 


3 UP 2 OIP 
A 
$(Sum) 
B Full Adder 
C; 
Ci.1 


{Carry generated during 
present stage of addition) 


Figure 1.75 Block diagram of a full adder. 
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C,_, =the carry bit generated from the previous stage that is just 
previous to present stage. 
So full adder circuit has multiple output and this is a multiple 
output function. 
The corresponding function of the full adder can be verified using 
the data given in Table 1.21 


Table 1.21 Truth table of a full adder 
Three inputs Two outputs 
Decimal A B Gy S C, 


Yon e wNnNPR Oo 
PPRPROoOOOoO Oo 
PRPOoOOrRROOS 
POR OR ORO 
FP OoOorROoOorRRo 
PPRPOoOROGOo:,S 


First add B with C, and then add it with A to get the final sum and 
carry indicated by the logical expressions S and C, respectively. 


S=Y¥m (1, 2, 4, 7) 
C=5m (3,5, 6, 7) 


The sum satisfies XOR logic (odd number of 1s as I/P) S=1 and even 
number of 1s S=0. 

S=A®BOC,, 
Now verify the result with the K map. 


XCi-100 11 10 


But none of the cells can be included in group and hence, 
S=0014+010+100+111 
=ABC,,+ABC,,+ABC,,+ABC,, (1.30) 
If we expand Eq. (1), we get Eq. (2). 
Expanding Eq. (1), we have: 
S=A®DBOC,, 
Letu=A@®B 
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S=u@C,, 
=iC,,+uC,, (1.31) 
and _ 
u=(AB +AB) 
u = AB + AB =AB.AB 
(4+B)(A+B) (1.32) 


By Demorgan’s theorem we get 


= AA+AB+ AB+ BB 


0+AB+AB+0 


So,u =AB+AB (1.33) 
Using Eqs. (3), (4) in (5) 


S =(AB+ AB)C,, +(AB+ AB) C,, 


= ABC,, + ABC, + ABC, + ABC, 


C,=(AC,,+AB+ BC) 
C,=(-11) + (1-1) + (11-) 
=BC,,+AC+ AB (1.34) 
C— can be realized by NAND gates. Full adder can also be realized 
by NAND gates (Fig. 1.76). 


Figure 1.76 Logic circuit of a full adder with NAND gates. 


C,=AB+BC_,+AC 


C=C =AB.BC,,.AC 
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A AB AB 


B 
C 


Full adder circuit can be realized by three half adder circuits 
(Fig. 1.77). 


ABC 


Ci (neglected) 


Cii 


Figure 1.77 Realization of a full adder using three half adders. 


Each half adder requires six gates. For this half adder circuit 18 
gates are required which is not the minimized case as number = 14. 

Full subtractor is a circuit which uses three binary bits at a time 
for subtraction (Fig. 1.78). A full subtractor circuit will contain three 
inputs of which one is minuend bit (A), the other is Subtrahend 
bit (B) and the remaining input is called the borrow input from 
previous stage. It has got two outputs as difference D and final 
borrow output ß, 


3 UP 2 OIP 

A 

Minuend bit Full - 
u D(Difference Output) 

B Subtractor 

Subtrahend bit 
Bu f1(Borrow Output) 

Borrow from 


previous stage 


Figure 1.78 Block diagram of a full subtractor. 


It is also an example of multiple output logical function. 
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The corresponding function of the full subtractor can be verified 
using the data given in Table 1.22 


Table 1.22 Truth table ofa 
full subtractor 


B Bis 
0 


PRPRRPROOGOO/] RD 
PRPOOrRROGOO 


RPOROROPR 
POOR ORRO|]YD 
POCORRROID 


D=Xm (1, 2, 4,7)— same as that for sum. 
B,= =m (1, 2, 3, 7) 
D satisfies XOR logic so D=A®BOB,, 


D=001+010+100+111 


= ABB, , + ABB; + ABB, , + ABB, , 
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Realize it by NAND gates (full subtractor circuit) using 2-input 
NAND gates only (Fig. 1.79). 


Figure 1.79 Realization of a full subtractor using NAND gate. 


Full subtractor circuit can be realized by using three half subtractor 
circuit as shown in Fig. 1.80. 


Bi 


B3=Neglected 
=i 


Figure 1.80 Realization of a full subtractor using three half subtractor. 


1.26 Addition of Two n Bit Binary Numbers 


Methods are as follows: 


1. serial addition/adder 
2. parallel addition /adder 
3. carry look ahead adder 


Method 1 is the slowest and method 3 is the fastest with simplest 
hardware complexity. 

For two speed of addition is more compared to serial adder and 
also more hardware complexity than serial adder. 

Serial addition: 


1. one n bit right shift Augend register (Fig. 1.81) 
2. one n bit right shift Addend register 


Addition of Two n Bit Binary Numbers 


Figure 1.81 Shift n-bit Augend register. 


3. one n bit ight shift sum register 


Registers are some cells where binary bits are stored and can be 
shifted by clockwise shifting right. 


4. one D-type flip-flop 
5. one clock generator 
6. only one full adder 


So complete n bit addition between two binary numbers requires n 
clock pulses. If the time period of clock pulse = T sec1 bit addition 
then the time required for n bit serial addition = nT sec and after 
n clock pulse, the sum register will contain the n bit sum and the 
carry output of the full adder contain the final carry. 
This Augend register can store n bit binary number and it can 
shift right 1 bit, after arrival of one clock pulse. 
Adding two 4 bits binary number 
3 0 A=0 0 1 1— A4 bit binary number 
+4 B=0 1 0 0 —> B 4 bit binary number 


Initially we set output Q of D flip-flop = 0 


Table 1.23 Truth table of a shift n bit augend register 


Clock A, B, Q cs S, C, s 
0 1 0 0 0 1 0 0 
1 1 0 0 0 1 0 1 
2 0 1 0 0 1 0 1 
3 0 0 0 0 0 0 1 
4 X X X X X X 0 
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After fourth clock pulse, may be do not care, the sum register = 0 
(Table 1.23). 
Main disadvantage: 

Additional time œ n 

Hence, as n increases, the time required to complete the addition 
also increases and here it is speed will be quite low as n increases. 


1.26.1 Advantages of Serial Adder 


Less hardware complexity as number of full adder is always equal to 
1 being independent of n. 


1.26.2 Disadvantages of Serial Adder 


It is speed decreases with increase in the number of bits. So, increase 
the speed parallel full adder is used. 


1.27 n Bit Parallel Full Adder 


1. This requires n number of full adder (Fig. 1.82). 
Bret Ant Cn2 B2 42 Bı Ai Bo Ao Cia 


Cat Spi S Sı 
Figure 1.82 Parallel full adder. 


As there is number initial carry in first LSB bit so for the first full 
adder it can be replaced by a half adder. 


SoA,,_, «A; A, A, A, =n bit Augend 
B, =- B} B, B, By =n bit Addend 
S Spa ++ 53S, S1 So = (n + 1) bit Sum 
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Here the inputs (A, B,) (A, B,) (A, B,) ... (Ap B,.,) are applied 
simultaneously to the inputs of all the full adder. Since the carry has to 
develop and it takes time so though the parallel adder is much faster 
operation compared to serial adder which is the advantage of this 
parallel adder but parallel adder differ from the following disadvantages: 


1. The carry propagation delay much less than the bit delay of the 
serial adder which depends upon the number of stages of full 
adder present that is the value of n. 

2. It is hardware complexity is more than the serial adder as it 
requires n full adder for adding 2n bit binary number. 


1.28 Combinational and Sequential Circuit 


Digital circuits are classified as: 


1. Combinational circuit (Fig. 1.83). 
2. Sequential circuit (Fig. 1.84). 


Distinction between two combinational circuits is one whose 
outputs depends only on the present value of the input(s) being 
independent of the of the past history of the input(s). The sequential 
circuit is on the other hand is a circuit whose output(s) not only 
depend on the present value of the input but also depend on the 
past history of the input(s). 

So we can say that combinational circuit should not contain any 
memory element (device which can store some earlier information) 
where as the sequential circuit contains at least one memory 
element. 


At t=t, 
x4 — y 
Xo — 29 
t | Combinational Circuit | At tt, 
n-inputs at tt, m outputs 
Xp i — Zn 


Figure 1.83 Block diagram of a combinational circuit. 
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The input-output relationship: 


Z, (k) =f {X, (t) X2 (t) -Xn (t,)} (A) 
i=1,2,...m 
JLZ esn 


as input and output may not be always same. 
S, determines the nature of the function. 


X4 zíi(tk) 


Xu Combinational Zy( tk) 
Circuit 


uno. 


u inputs i 

att= tk ol ips 
v no. 
of olps 


Memory 
Element 


y4 


Figure 1.84 Block diagram of a sequential circuit. 


The behavior ofa combinational circuit is described by the output 
function as given by Eq. (A) whereas in sequential circuit some 
output is fed back to the input. In sequential circuit we get two types 
of outputs. Z, {t,} is called the output function and the other y, {¢,} is 
called the state function. 


Z, (6) =g; {xt} XAG Wild Volos (B) 
where i varies from 1 to v. So we have u number of outputs. 
And 


Y; (6) = hy lod XG VET Ys {Od (C) 
where j= 1, 2 ...s 
Thus we can say that sequential circuit is described by the output 
function as given by the Eq. (B) and next state function as given by Eq. (C). 
For combinational circuit the basic building blocks are logic gates and 
in sequential circuit the basic building blocks are flip-flops, so, sequential 
circuit does not require the presence of clock pulses. Examples of 
combinational circuits are logic gates, multiplexers, demultiplexers, 
decoders, encoders, and so on. Examples of sequential circuits are 
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flip-flops, registers, counters, memory devices, sequence generator, and 
so on. Speed of combinational circuit is higher than the sequential circuit. 

Classification or gate complexity of digital ICs is classified in one 
of the four following categories: 


1.28.1 Small Scale Integration (SSI) 


The small scale integration (SSI) devices have got a gate complexity 
of less than 10 gates. This includes several gates flip-flops in one 
package; for example 7400, 7402, 7408 — all have four gates, so SSI. 


1.28.2 Medium Scale Integration (MSI) 


The medium scale integration (MSI) devices have got gate complexity 
of 10 to 100 gates (near). This includes multiplexers, demultiplexers, 
decoders and encoders, and so on. 


1.28.3 Large Scale Integration (LSI) 


The large scale integration (LSI) devices have a complexity of 100 
to 1000 gates. This includes large memory devices, calculator, and 
microprocessor ICs. 


1.28.4 Very Large Scale Integration (VLSI) 


Thevery large scale integration (VLSI) devices havea gate complexity 
of greater than 1000 gates. (2,35,000 numbers of equivalent 
transistors may be contained in some CPU,486DX). This includes 
large memory array, complex microprocessors, and microcomputer 
chips or data selector. 


1.29 Multiplexer Design Procedure 
and Applications 


Multiplexer is a special type of combinational circuit. This includes 
large memory array, complex microprocessor, and microcomputer 
chips. Type of multiplexer or a data selector is a very important 
special combinational circuit (made with MSI devices) with gate 
complexity of MSI devices. Generally a (n : 1) multiplexer or a data 
selector contains the following (Fig. 1.85): 
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nnumber of inputs of the multiplexer 
only one output of the multiplexer 

m select/Address lines 

one strobe/enable input (optional) 


nor boii 


1.29.1 General Block Diagram 


lo Switching 
4 : arrangementcircuit 
x 5 n:1 

n inputs ` Multiplexer Y(one output) 
In-4 

G 

strobe 

input 

Sm-1 $4 So 


Figure 1.85 Block diagram of an: 1 multiplexer. 


All inputs and outputs should be purely logical or binary input. For 
n: 1 multiplexer (Fig. 1.85), each input will be selected at the single 
output at any instant of time, depends upon the input applied to the 
select/address inputs. Switching circuit connects a particular input 
to the output. 

Here mand nare related by 

2”=n 

So for a 4 : 1 multiplexer, the number of inputs is 4 and m = 2 (2° = 4). 

Let us consider, a 4 : 1 multiplexer having 4 inputs, 2 select lines, one 
output one strobe inputs (Fig. 1.86). Strobe inputs should be grounded 
for enabling the multiplexer and can perform its intended function. 
Commercial multiplexers will be 
2:1,4:1,8:1,16:1,... 
m=1,m=2,m=3,m=4 

The corresponding function of the multiplexer can be verified 
using the data given in Table 1.24 

Table 1.24 Truth table of4:1 


multiplexer 

G S, S, Y 
0 0 0 A 
0 0 1 L, 
0 1 0 É 
0 1 1 L, 
1 X X 0 
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Ig 
4inputs ——e 


lot 


Y 
14 
iH 


One Output 


4 
2 Select/Address input 
m=2 


Figure 1.86 Block diagram ofa 4: 1 multiplexer. 


Multiplexers are also considered as many to one device (cable TV 
channels) that is out of many inputs, we select only one input at a 
time at the output, G = 0 always for enabling the multiplexer. 
If G = 1, whatever be the value of S, and S, the output is always 0. 
By observing the truth table of 4:1 multiplexers, the logical 
expression for the output of the multiplexer can be written as: 


Y=GS ,Soly + GS, Sol, + GS, Sol, + GS, Sol; (1.35) 


1st case when G=S, =S,=0, I, 


output = 000/, +0007, + 000/, + 0007, 
=[,+0+0+0=], 


If, 1 = 1 then output =/,=1 
G=S,=0,,,=1 
So output Y=0+1,+0+0=I, 
ButifG=1, Y=0+0+0+0=0 
S,=X 
S,=X 
That is when the strobe input is connected to the logical high voltage 
or logical = 1, the multiplexer is not enabled that is disabled and 
cannot perform. So, the G input has to be connected to the ground 
always to enable the multiplexer. So 


Y =GS,S,1, +GS,S,1, +GS, 5,1, + GS, S51, 


Realization by logic gates 
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Use of a strobe input of a multiplexer: 


1. Strobe input when grounded enables the multiplexer that is G. The 
strobe input is used for enable or disable a multiplexer Fig. 1.87. 


Figure 1.87 Logic circuit of a multiplexer with strobe input. 


2. Strobe input can be realized for cascading two or more lower order 
multiplexers. This is called realization of multiplexer tree. 


Advantages of designing with multiplexer: 


1. The given logic function or the truth table need number to be 
minimized that is the minimization of the logic function or truth 
table is not required. 

2. Logic design is simplified. 

3. It reduces the IC package-count as only 1 IC instead of 4 ICs are 

required for FA. 

The layout of the circuit is simpler. 

It requires less number of wiring or interconnection. 

Cost of realization is minimum. 

Reliability of designing with MUX is more. 


Soy Ge 


Ifthe logical function or truth table is given then express the logical 
function or truth table either in min term or in max term form. 
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(1) Ifthe logical function or truth table is in min term form then connect 


those input of the multiplexer to logical 1 which are present in 
the min term expression and connect the other inputs to logical 0 
which are number present in the min term expression. This is to be 
followed if the multiplexer output is equal to same as input. 


(2) Ifthe logical function or truth table is expressed in max term for 


just do the reverse. 


Note: 
1. If the logical function or TT is expressed in max term then just do 
the reverse. 
2. If the output of MUX is complement of the input selected then 
reverse the operation as stated in (1) and (2) above. 
That is followed 
(a) for min term expression 
(b) for max term expression 
3. The inputs for the LF or TT are to be applied to the select or the 
address input of the MUX. 
4. Connect the strobe input G to logical 0 or ground to enable the 
multiplexer. 
5. Apply suitable supply voltage V,, = 5V and ground to the 


respective pins of the multiplexer IC. 


Realize two input XOR gates by using a multiplexer: 
Choose single 4:1 MUX, as m should be 2 for 2 inputs. Realization of 
a two input XOR gate using a 4:1 multiplexer is shown in Fig. 1.88 


S ë % 


Figure 1.88 Realization of a two input XOR gate using a 4 : 1 multiplexer. 
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Truth table 
A B Y 
0 0 0 
0 T 1 
1 0 1 
1 1 0 

Y=¥m (1, 2) 

If Yi = input (here) 

If Y= I Input 


Hence, we are to see whether output = Input or output = Input. 
Realization of a two variable function using a 4:1 multiplexer is 
demonstrated in Fig. 1.89. 


Figure 1.89 Realization of a two variable function using a 4 : 1 multiplexer. 


Realize the following logic function by using multiplexers: 
f (4 B, C)=IIM (0, 1,3,7) 
three select/address inputs are required for realizing three input 
MUX and so we have to choose (2°) = (8 : 1) MUX. 
Realization of a three variable function using a 8:1 multiplexer is 


demonstrated in Fig. 1.90. 
If we are to realize this function 


f(A, B, C) =IIM (0,1,3,7) 
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Figure 1.90 Realization of a three variable function using a 8: 1 multiplexer. 


Realize full adder by using 8 : 1 multiplexer. 


S=5m (1,2, 4, 7) 
C,=¥m (3,5, 6,7) 


So we require 2, 8: 1 multiplexers. 

To realize full adder circuit we require four 7400 ICs and to 
realize full adder circuit by MUX we require only two multiplexers 
(Fig. 1.91). 

Commercial available multiplexers ICs 74157 = Quad 2: 1 
multiplexers have Output = Input and only 1 select input. 

74157 IC has (two data I/Ps and one strobe input for each 2 : 1 
MUX). 1 select (S,) line, 1 enable line, 1 V,,, 1 ground, 2 x 4 = 8 input 
lines, 4 x 1 = 4 output lines (Fig. 1.92). Hence, 16 pins DIP type IC. 
3x4=12 
1 Select 
1= Enable 
LV, 

1 gnd. 
So, 16 pins. DIP package for 74157. 

74158 = quad 2 : 1 Mux—> out = Input 

74153 = Dual 4 : 1 Mux; Out = Input 

74352 = Dual 4 : 1 Mux Output = Input 
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Figure 1.91 Realization of a full adder using two 8: 1 multiplexers. 


So 74153 have 16 pins device (Fig. 1.93). This is getting in lab. 
In lab 74151-— Single 8 : 1 MUX with complementary outputs. It is 
a 16 pin DIP. It has 2 outputs Z and Z 74151 isa 16 pin DIP. 
74152- Single 8 : 1 MUX with inverted output 16 pin DIP. 
74150 Single 16 : 1 MUX with inverted 24 pin DIP. 
Commercially, maximum order of MUX is 16: 1. 
Realize full adder circuit by using one 74153 and any other gates 
required. 


1.29.2 Advantage 


Within 74153 we have 2, 4 : 1 MUX. To realize F/A circuit by using 
74153 (Fig. 1.93), we convert 3 input TT of a F/A into 2 input 
TT as follows: (Fig. 1.94) . The truth table corresponding to the 
realization of a full adder using two 4:1 multiplexer is given in 
Table 1.25 


Table 1.25 Truth table of the realization ofa 
full adder using two 4:1 multiplexer 


A B S C, 
0 0 Ca 0 from (1) 
0 1 Ca C, from (2) 
1 0 Ca C, from (3) 
1 1 Gs 1 from (4) 
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Figure 1.92 Internal block diagram of 74157 IC. 


So, the F/A, TT is reduced to 2 input TT, I/P =A and B. 

So, only 1(74153) IC is required and 1/6 7404 (as hex-inverter) 
IC is required. 

So, this is much economical than the earlier one. (8 : 1 mux) 

Do the same operation for full subtractor. For full subtractor, 


B; = > m(1,2,3,7) 


A B D B, 
0 o0 Ba 

0 1 Ba 1 
1 0 Baa 0 
1 1 Bia Bia 
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7 
Gnd 


Figure 1.93 Internal block diagram of 74153 IC. 


1.29.3 Application of Multiplexer 


1. Itcan be used to realize any given LF and TT without minimizing it. 
2. It can be used as a universal logic gate. 

3. It can be used for parallel to serial converter. 

4. It can be used for the design of the sequence generator. 


By cascading lower order multiplexer we can realize higher order 
multiplexers. This is called multiplexer tree. 

Realize 4 : 1 multiplexer by using 2 : 1 multiplexers and other 
gates (Fig. 1.95) required if any. 
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GND 8 


Figure 1.94 Realization of a full adder using two 4: 1 multiplexers. 


b 


Ez 


Figure 1.95 Realization of a 4 : 1 multiplexer using two 2 : 1 multiplexers 
and one OR gate. 


lp L, L, I are the 4 inputs of the MUX. 


90 


Combinational Circuits 


A, B > 2 select I/P lines. 
The corresponding truth table is shown in Table 1.26 


Table 1.26 Inputs and outputs of the two multiplexers used for designing 
a4:1 multiplexer 


Select Inputs 


A B MUX1 MUX2 Yi Y% Y 

0 0 Enabled Disabled i, Va 
E,=0 E,=1 

0 1 Enabled Disabled li 0 g 

1 0 Disabled Enabled 0 L |, 

1 1 Disabled Enabled 0 LL 


So, this truth table agrees with 4 : 1 MUX. So for realizing the higher 
order MUX we require not only MUX but also other gates. But if we 
have to realize higher order MUX by using only lower order MUX 
then the diagram is (Fig. 1.96). The corresponding functionality can 
be verified using the Table 1.27. 


Ez 
Figure 1.96 Realization of4 : 1 multiplexer using only two 2 : 1 multiplexers. 


Table 1.27 Truth table for realization of higher order mux 
using lower order mux 


B Y, Y, b i 


< 


S 
3 
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o 
=n nn 
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Realizing a 4 : 1 MUX using two 2: 1 multiplexers and one NOT gate 
and one OR gate: 

This is an application of strobe input as realizing multiplexer tree. 
To realize 32 : 1 multiplexers from 16 : 1 multiplexers (Fig. 1.97). 
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Figure 1.97 Realization of a 32 : 1 multiplexer using only two 16 : 1 
multiplexers and one OR gate. 


We can design incompletely specified function by using MUX. 
f(A, B, C)=¥m (0, 1, 2) + Xd (5, 6, 7) 


Realization of the function using multiplexer (Fig. 1.98). 


NC= No 
Connection 


Y 


A B C 


Figure 1.98 Realization of a specific function f (A, B, C) using one 8 : 1 
multiplexer. 


If any do not care terms are present corresponding to these 
terms, the I, can be kept unconnected and a unconnected input 
means logical 1 and TTL logic. So, that at the output we get output 1. 

for I/P 3 and 4 0/P=0 
and 0, 1,2 0/P=1. 

For four variable logic function 


f(4B C D)=¥m (0, 3,5, 6, 7,8, 9, 13) 
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Realize it by using 8 : 1 MUX and OR gates if necessary (Convert 4 


I/P TT 3 I/P TT)—> take two rows for f (A, B, C, D) at a time from top 
multiplexers. 


Multiplexer can be used as universal logic gate. 


1.29.4 Multiplexer as Universal Logic Gate 


Multiplexer can also be used as a Universal logic gate. Realization 
of various logic gates using multiplexer is depicted below. 


1.29.4.1 Realizing NOT gate by using 2:1 MUX 


The realization of a NOT gate using multiplexer is shown in 
Fig. 1.99. 


S/A 


Figure 1.99 NOT gate using a multiplexer. 


Truth table of 
NOT gate 

sa Y 
0 1 

1 0 


1.29.4.2 Realizing AND gate by using 2 : 1 MUX 
The realization of an AND gate using multiplexer is shown in 
Fig. 1.100. 


Y= loh 
2:1 MUX 


s 
Logical AND Gate 
Figure 1.100 AND gate using a multiplexer. 
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1.29.4.3 Realizing OR gate by using 2 : 1 MUX 


The realization of an OR gate using multiplexer is shown in 
Fig. 1.101. 


LOGICAL OR GATE 


Figure 1.101 OR gate using a multiplexer. 


1.30 Demultiplexers and Their Applications 


It is also a combinational circuit whose function is just the reverse 
of multiplexers. 
It has got: 
(i) one input 
(ii) n Outputs and 
(iii) m select/address lines. 


where 2m=n. 


The block diagram of 1 : n demultiplexer is shown in Fig. 1.102. 


=4 
1:n e 
l input Demultiplexer ' n outputs 
ae 
M~ Yn 


Sm-1Sm-2 S189 


Figure 1.102 Block diagram ofa 1 : n demultiplexer. 
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Single input of Demux can be distributed among any one of the n 
outputs. At which output will be distributed depends upon the 
inputs applied to the select/address inputs of the Demux. For this 
we have to consider the truth table. Let us consider truth table of 
(1 : 4) Demultiplexer as given in Table 1.28. 

The block diagram of a 1 : 4 demultiplexer is shown in Fig. 1.103. 


Yo 

1:4 Yı 
Demultiplexer 

Y2 

Y3 


Sı So 


Figure 1.103 Block diagram of a 1 : 4 demultiplexer. 


So, demultiplexer can be considered as a one to many devices. 
Table 1.28 Truth table ofa 4:1 


demultiplexer 

Select inputs outputs 

P Ss, S Y> Y A A 
1 0 0 I=1 0 0 0 
1 0 1 0 I=1 0 0 
1 1 0 0 0 I=1 0 
1 1 1 0 0 0 l=1 


From the truth table, that is by observing the truth table the logical 
expression for Y, Y,, Y,, and Y, are given by 


Y,=S,S,I 
¥, =8,S,1 
Y, =5S,5,l 
Y, =S,S,l 


Realizing this circuit we have (Fig. 1.104) 


$4 $4 
LE ig = 
So So 
So 
I 
Figure 1.104 
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1:4 Demux 


Internal circuit of a demultiplexer. 


1.30.1 Application of Demultiplexer 


(i) It can be used as a one to many devices. 
(ii) It can be used as serial in parallel out connection (Fig. 1.105). 


Serial Input 
1010 


Yo 
1:4 Yı 
Demultiplexer 
Y2 
Y3 
S1 So 


Figure 1.105 Demultiplexer as serial in parallel out connection 


1.31 Decoder: Definition and Applications 


It is also a special combinational circuit. A demultiplexer will 
become decoder if the single input of the demultiplexer becomes 
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the enable input of the decoder and the select/address lines for 
the demultiplexer become the input of the decoder. Output of 
decoder is same as the output of demultiplexer. The chips of decoder 
and demultiplexer thus remain same. In general we can say n to m 
line decoder has got (i) n inputs (ii) m outputs where n and m are 
related by 


2"=m 
2:4,3:8,4:16, and so on decoders are available as IC commercially. 
Any decoder higher than 4 : 16 is not commercially available. 
A decoder may contain 1 or more enable input. 


The block diagram of n to m line decoder with active low output is 
shown in Fig. 1.106 (so negative sign comes in final output). 


nto m Line Decoder 


E 


Figure 1.106 Block diagram of a decoder active low outputs. 


Let us consider a 2 to 4 line decoder with active low outputs 
(Fig. 1.107). The truth table is given in Table 1.29. 


A Yo 
2 Input 
B = 
Y 
2:4 1 
Line Decoder 
Y2 
Y3 
GND 


Figure 1.107 Block diagram of a 2 to 4 decoder. 
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Table 1.29 Truth table of a 2 to 4 line decoder with 
active low outputs 


E A B Yo Y, Y, Y; 
0 0 1 1 1 
0 0 1 1 0 1 1 
0 1 0 1 1 0 1 
0 1 1 1 1 1 0 
1 X X 1 1 1 1 


By inspecting the truth table, the logical expression for Y, Y, Y, Y, 
are as follows: 


So, the only one output at a time is active low in active low decoder. 
If we do not know that it is decoder and we only know the output 
and we are connecting the LEDs in the output: 

The diode in LED glows, when the diode is forward biased. So from 
the output (status of LEDs) we can say what we apply the inputs. 
This is the function of the decoder. So, decoder is a combinational 
circuit which produces only one output, as active low or active high 
and remaining outputs are just the reverse for such value of the 
inputs provided the decoder is enabled (disabled decoder does not 
perform its intended function). 

Similarly we can have a decoder with active high outputs 
(Fig. 1.108). Truth table is given in Table 1.30. 


A 
Yo 
B 2to4 
Line Yı 
Decoder 
Yz 
E y 


Figure 1.108 Block diagram of a decoder with active high outputs. 


98 


Combinational Circuits 


Y,=ABE 
Y, = ABE 
Y, = ABE 
Y, = ABE 


Table 1.30 Truth table of a 2 to 4 line 
decoder with active high outputs 


A B Y, Y, Y, 


RPOoCOO]y 
x RPROO 
xR ORO 
ooooR 
ocoooRrSO 
ooroo 
CROCCO OLN 


So, this variety of decoder is possible. But for lab purpose active low 
output decoders are used, commercially available demultiplexers/ 
decoder chips is given in Table 1.31. 


Table 1.31 Different demultiplexer ICs 


IC No Types of Demux/Decoder Outputs 

74139 Dual 1 : 4 Demultiplexer or 2 : 4 like decoder Inverted output (Active low) 
(has 1 enable input for each decoder) 

74138 Single 1: 8 Demux or 3 : 8 line decoder Active low 
(has got 3 enable inputs for the decoder) 

74154 Single 1: 16 Demux or 4: 16 line decoder Active low 


Decoders are more useful than multiplexers. 


1.31.1 Applications of a Decoder 


1. Decoder can be used to identify the code applied to its input. 
(what we apply at the input can be detected by observing the 
output of the decoder) 

2. Decoder can be used to convert binary coded decimal that is 4-bit 
binary coded decimal value into decimal by using BCD to decimal 
decoder circuit. 

3. Decoder can be used to realize the multiple output logical function 
using some extra gates. 
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4. Decoder can be used to realize the truth table of any logic gate by 
using one extra gate. 

5. Several lower order decoders can be cascaded to realize higher 
order decoders. This is called decoder tree. 

6. Decoder can be used to drive the chip select signal of different 
memory devices in a microprocessor-based system. 

7. Decoder can be used to drive the chip select signal for different 
I/O devices in a uP based system. 


1.31.2 Application of a Decoder (Example) 


Realize a two input XOR gate by decoder and any other gates 
required (NAND gates are essential at the output of a decoder). 

So we have to use a decoder having 2 inputs, 4 outputs (2 to 4 
line.) (Fig. 1.109). 


Decoder with active low output 
Yyor = Dm (1, 2) 


Figure 1.109 Realization of a XOR gate using a 2 to 4 decoder with active low 
outputs and a NAND gate. 


So, it verifies the truth table. XOR is realized by 4 two input NAND 
gates but here we require only 1 NAND gate along with Decoder to 
realize the XOR gate. 
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In case of decode with active high output (Fig. 1.110) 


Figure 1.110 Realization of a XOR gate using a 2 to 4 decoder with active 
high outputs and a NAND gate. 


1.31.3 Cascading of Decoders 


This can be used as 3 to 8 line decoder. Inputs are A, B, C. (Fig. 1.111). 
The truth table is given in Table 1.32. 


2 to4 
Line 
_Decoder 


OSI SST OS SSI 


2 to4 
Line 
Decoder 


SSS! Sa SS 


Figure 1.111 A 3 to 8 line decoder using two 2 to 4 decoder. 


If any decoder is disabled its output is active high. 


Seven Segment LED Display 


Table 1.32 Truth table of a 3 to 8 line decoder 


This is the decoder tree. So, we realize 3 to 8 line decoder by using 
2 to 4 line decoder and one NOT gate and similarly by using 17 (4 
to 16 line decoder). We can realize 8 to 256 line decoder. So, by 
cascading low order decoder we can realize higher order decoder. 


1.32 Seven Segment LED Display 


There are two types of seven segment displays: 


(a) common anumberde display 
(b) common cathode display 


Figure 1.112 Seven segment LED. 


A pictorial representation of a seven segment LED is shown in 
Fig. 1.112. 


The dot is used to represent a decimal number. In all the seven 
segments, there is a LED attached. The dot segment also has a very 
small LED. 
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om op 


ean 


Dot 


Figure 1.113 Internal circuit of a common anode seven segment LED. 


All the anodes are connected to V,.= 5 V and all the cathodes are 
connected to the inputs. So, there are 8 inputs (Fig. 1.113). The block 
diagram of a seven segment LED is given in Fig. 1.114. Now we find 
that input of “a” is 0 V, the diode “a” is forward biased and the LED 
glows. On the other hand, if the input to “‘a” is 5 V then the diode 
is reverse biased and the LED do not glow and so the segments 
glows only when the cathode signals are low that is when they are 
at logical zero. 

Logical inputs for displaying decimal 0-9 corresponding to 
common anode seven segment LED is given in Table 1.33. 


8 fCAa b 


LTS-542 


ed c dot 
CA=Common Anode 


Figure 1.114 Block diagram of a seven segment LED. 


R is known as the current limiting resistance and it is of the order 
of 330 0. 

The other type of display is the common cathode display device. It 
is known as cathode display device, all the cathodes of each segment 
are connected to a common point and the common point is grounded. 
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Table 1.33 Logical input to the nodes of a 
common anode seven segment LED for 
displaying decimal numbers 


> 
a 
Q 


Decimal a c 


CONDUAWNRO 
coooorooreo 
cooorRPooooSo 
coooooocoorond 
coooorooreo 
POPRPOrRPRROROSO 
corn oCORRRFRO]S 
SCcOrCC OC ORFRISE 


In a common cathode display all the cathodes of all the LEDs in 
each segment are connected to a common point which is grounded 
and the inputs are applied to the anodes of each segment to display 
zero (Fig. 1.115). 

Logical inputs for displaying decimal 0-9 corresponding to 
common cathode seven segment LED is given in Table 1.34. 


a 


LTS-543 


Figure 1.115 Internal circuit of a common cathode seven segment LED. 
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Table 1.34 Logical input to the nodes of acommon 
cathode seven segment LED for displaying 
decimal numbers 


Decimal a b c d e f g 
0 1 1 1 1 1 1 0 
1 0 1 1 0 0 0 0 
R 1 1 0 1 1 0 1 
3 1 1 1 1 0 0 1 
4 0 1 1 1 0 1 1 
5 1 0 1 1 0 1 1 
6 1 0 1 1 1 1 1 
7 1 1 1 1 0 0 0 
8 1 1 1 1 1 1 1 
9 1 1 1 1 0 1 1 


In the calculator, we generally do not use LEDs as the power 
consumption is much higher. Just LCD display is popularly implemented 
or used. The BCD (binary coded decimal) to decimal decoder driver 
circuit has been shown in Fig. 1.116. The output is active low. 


The verification corresponding data corresponding to common 
anode display with decoder driver is given in Table 1.35 


Table 1.35 Truth table: common anode display with decoder driver 


Decimal A B C D a b c d e f g 
0 0 0 0 0 0 0 0 0 0 0 1 
1 0 0 0 1 1 0 0 1 1 1 1 
2 0 0 1 0 0 0 1 0 0 1 0 
3 0 0 1 1 0 0 0 0 1 1 0 
4 0 1 0 0 1 0 0 1 1 0 0 
5 0 1 0 1 0 1 0 0 1 0 0 
6 0 1 1 0 1 1 0 0 0 0 0 
7 0 1 1 1 0 0 0 0 1 1 1 
8 1 0 0 0 0 0 0 0 0 0 0 
9 1 0 0 1 0 0 0 0 1 0 0 
4 bit Decoder 
BCD Driver 
input 
Common 
<@ Anode 
Display 


Seven ActiveLTS-H2 
Low Output 


Figure 1.116 Common cathode display circuit with decoder driver. 


Seven Segment LED Display 


Figure 1.117 All decimal digit display in seven segment LED. 


(when cathode is 0 V; and common anode is connected to 5 V). 


Decimal A B C D a b c d e f g 
10 1 Oy 1 0 X X X X X X X 
11 1 0 1 1 X X X X X X X 
12 1 1 0 0 X X X X X X X 
13 1 1 0 1 Xie- KE K OK PR X 
14 1 1 1 0 X X X X X X X 
15 1 1 1 1 X X X X X X X 


So, we can find that when the decimal input is greater than 9 then 
one display device is not sufficient to represent it and thus all the 
other conditions becomes do not care from a to g. Logical expression 
for a, b, c, d, e, f, g in the max term form (for the active high output) 
is given as: 


TIM (0, 2, 3, 5,7, 8, 9) d (10, 11, 12, 13, 14, 15) 

TIM (0, 1, 2,3, 4, 7, 8, 9) Id (10, 11, 12, 13, 14, 15) 
TIM (0, 1, 3, 4, 5, 6, 7, 8, 9) IId (10, 11, 12, 13, 14, 15) 
=TIM (0, 2, 3, 5, 6, 8) IId (10, 11, 12, 13, 14, 15) 
e=TIM (0, 2, 6, 8, 9) Id (10, 11, 12, 13, 14, 15) 

f=TIM (0,4, 5, 6, 8, 9) Id (10, 11, 12, 13, 14, 15) 
g=IIM (2, 3, 4,5, 6, 8, 9) Id (10, 11, 12, 13, 14, 15) 


The decoder driver output whose output is active high can drive 
common cathode seven segment display device. Active low can 
drive common anode seven segment display device. 


a=¥m (0, 2,3, 5, 7,8, 9) + Yd (10, 11, 12, 13, 14, 15) 
b=¥m (0,1, 2, 3, 4, 7,8, 9) + Xd (10, 11, 12, 13, 14, 15) 
c=¥m (0, 1,3, 4, 5, 6, 7, 8, 9) + Xd (10, 11, 12, 13, 14, 15) 
d=¥m (0, 2, 3, 5, 6, 8) +¥d (10, 11, 12, 13, 14, 15) 
e=Y'm (0, 2, 6,8) + Xd (10, 11, 12, 13, 14, 15) 

f=¥m (0,4, 5, 6, 8, 9) + Xd (10, 11, 12, 13, 14, 15) 
g=>m (2,3, 4,5, 6, 8,9) + Xd (10, 11, 12, 13, 14, 15) 
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1.32.1 Decoder for Active Low Output 


For minimizing the max term form we redraw the K map 


So, the possible 


(1---)({- 


combination becomes: 


1-1)(-01-)(-0-0) 


a=A(B+D)(B+C)(B+D) 


and similarly we can find for other. 
b=B (C+D) (C+D) 
c=BCD 
d= (C+ D) (B+ C)(B + C+ D) (B+ D) 
e= (C+ D) (B+ D) 
f=A (C+D) (B+C) (B+D) 
g=A (B+C) (C+D) (B+C) 


(1.36) 


(1.37) 
(1.38) 
(1.39) 
(1.40) 
(1.41) 
(1.42) 


These are the expression for decoder whose output is active low. 


1.32.2 Decoder for Active High a 


AB 


01 


11 


CD go 01 


for 


(aa an 
he eee 
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Analyzing the min term expression for C 
So C=C+D+B+BCD 


Minimizing expressions for a, b, c, d, e, f, g for decoder whose output 
is active high is therefore given by: 


a=A+BD+BD+BC 
b=B+CD+CD 
c=B+C+D 
d=CD+BC+BCD+BD 
e=CD+BD 

f =A+CD+BC+BD 
g=A+BC+CD+BC 


1.33 Decoder Driver IC and Its Application 


The decoder driver chips, which is available directly in the market is 
7447 (with active low output). 
7447 can be used for common anode seven segments (Fig. 1.118). 


Vec=5V 


Figure 1.118 Common anode display circuit with decoder driver. 


Where LT = lamp test input terminal 

RBI = ripple blanking input 

BI = blanking input 

RBO = ripple blanking output used for cascading of display 
7447 (Decoder Driver IC with active low output) 


LT RBI BI/RBO BCD Operation display blank 
X X used as input 0 as BI input XXXX 
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This mode is used to conserve power in a multiplexed display 
(irrespective of whatever BCD input). For this we use common 
anode seven segment display. 

The inputs to different pins of 7447 IC and its corresponding 
outputs is demonstrated in Table 1.36. 


Table 1.36 Inputs to different pins of 7447 IC and its corresponding 
outputs 
BI/RBO 
This can be used 
either as input or Output states 
LT RBI output. BCD operation 
0 X Normally 1 as output X Itis used to test if 
all seven segments 
are functioning i.e. 
whether all LEDs 
are glowing. 
1 1 Normally output 0 during Anyinput Normal 
0 blanking interval. decoding 
1 0 RBO output = 1 during Anyinput Normal decoding 
This feature is to suppress normal decoding but RBI 0-9 but 0 is not 
display of leading zeroes. output =0 during zero displayed. 
for example blanking 
(18 -12) 
=06 
ip 
This is suppressed here. 
X X Used as input 0 as BI XXXX Display blank 


input 
7448 (Decoder Drive IC with high output) common cathode 
display is used in this when BI = 0 the RBO will also be zero. 


1.33.1 Multiple Digit Decimal Display (4 Digits) 


Say we want to display a number between 0 to 9999; for this we 
have to cascade 7447 in a suitable manner. 


No 


display BCD 


BCD 
inputs inputs 


ABC 


D 
LSB 


Figure 1.119 Cascading of 7447 ICs. 
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The LT input is always connected to 5 V. 


0000 0000 0000 0000 

Normal alcidine 
LT RBI BI/RBO Any input but is not displayed 
10 1 at output but becomes 


0 during zero blanking 
interval. Output is also 
zero during zero blanking 
interval 


If 
0010 0100 0101 1000 
2 4 5 8 
LT RBI BI/RBO BSD output 
1 1 1 for normal Anyinput Displaying 0 to 9 any 
decoding 0 for zero number. 


blanking interval. 


For MSD decoder driver RBI is connected to ground just to 
suppress the display of leading zeroes. 

[So, 0013 if applied then 0 and 0 will not be displayed; only 13 is 
displayed]. 


1.34 Encoder 


Encoder is a combinational circuit whose function is just the reverse 
of decoder (Fig. 1.120). An encoder may generally have n inputs and 
m outputs where 2” > n. For a normal encoder, out of n inputs only 
one input can be activated at any instant of time corresponding to 
each activated input, we get a specified m bit code at its output. 


To bo( LSB ) 
n inputs : Bricoder m outputs 
In-1 | bmm-1( MSB) 


Where 2™ a ma 
Figure 1.120 Block diagram of an encoder. 
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Out of n inputs, only one input would be activated at a time. 
Corresponding to each input, we get only one output. 

Example: In a computer keyboard alphabets = J, = (26 Lower Case + 
26 Upper Case) 


Memories = 10 (0 to 9) 


And some special characters = 24 

So, total = 86 keys or characters. 

So, for a keyboard encoder, there may be 86 inputs corresponding 
to each input, there is seven bit code. 


2”>nn=86 
2” > 86 


So, minimum value of m should be 7. So, minimum number of output 
bit number = 7. This 7 bit code generated for each character in a 
keyboard is called ASCII (American standard code for information 
interchange). 

Encoder is a device by which any character or symbols or key can 
be converted into a suitable code and the process of such conversion 
is called encoding. Its information is just the reverse. Only one input 
is activated at a time by the encoder, whereas only one output is 
activated in the case of decoder. 

Only one input can be activated. So at a time one switch is closed. 

Hence for 9 the b, b, b, b, gives 1001 and so on. 

for 8 the b, b, b, b, gives 1000. 

[Decimal 0, 1,...9 are represented by switches W, W,,...W,, 
respectively] 

So, it is called the decimal to BCD encoder (Fig. 1.121). By inspection 
of the Truth table (Table 1.37) the logical expression for the 
outputs are 


b, = W, + W,... (1.43) 
b, = 1 when switch 8 or 9 is pressed. 

b, = W, + W, + W; + W3... (1.44) 
b, =W, + W, + W; + W;... (1.45) 
b = W, + W, + W, + W, +W,... (1.46) 


Let us realize them by OR gates. 
The encoder is realized by one 4 input, two three input, and one 
two input OR gates as shown in Fig. 1.122. 


Encoder 


anes | (MSB) 

ee a Decimal b3 

BITRI RY. to b2 

a pe 
-4 bo 

PD 5 (LSB) 

ect E 

POE i 

BA iR 

Art on 9 


Figure 1.121 Block diagram ofa decimal to binary encoder. 


Table 1.37 Truth table for decimal to binary encoder 


Figure 1.122 Logic circuit for decimal to binary encoder. 


Ww W Ww WwW WH WỌYWỌVWVWọVonWY” bbh b, b b 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 1 0 0 0 0 0 0 0 0 0 1 0 
0 0 0 1 0 0 0 0 0 0 0 0 1 1 
0 0 0 0 1 0 0 0 0 0 0 1 0 0 
0 0 0 0 0 1 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 1 0 0 0 0 1 1 0 
0 0 0 0 0 0 0 1 0 0 0 1 1 1 
0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 1 1 0 0 1 
b3 
1 
b2 
0 
bi 
0 
i bo 
encoder 


111 


112 


Combinational Circuits 


The encoder can also be realized by three two input OR gates 
(Fig. 1.123). There may be some glitch due to unequal propagation 
in different input lines. 


Figure 1.123 The encoder realization using three 2-input OR gates. 


When W, = 1 (W, = W, =...=W, = 0) 
If W, = 1, (W, = W, = W, = W, = W, = W, = W, = W, = W, = 0) 
Output = 0101 
Same encoder circuit can be realized by using a series of diodes 
called the diode-encoding matrix as shown in Fig. 1.124. 


15 diodes 
AN 4001) are 


require 


Figure 1.124 Realization of decimal to BCD binary encoder by using diode 
encoding matrix. 
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The horizontal and vertical lines can be short circuited by placing 
the diodes. When none of the nine switches are pressed, the current 
through the output resistance 


b, b, b, b, 
0 0 0 0 
If W, key is pressed 


I,xR=1,XR=5 V and so the output is 0101. Here I, L, I, and I, 
represents the current flowing through the nodes b, b,, b, and b, 
respectively. 

The rows and columns can only be connected via the diodes and 
when diodes are nonconductive, the output is 0000. The diodes are 
considered ideal, that is number voltage drop is there across the 
diode when forward biased. 


So b, =1,R=2xR=5V (nearly or close to 5 V) 


In similar way we can realize an octal to binary encoder 
(Fig. 1.125). 


0 b2 \ 3 bit 
1 Octal + output 
2 to 0 
3 BCD E 
n=8 4 Encoder i 
27=8 
5 
6 
a 


Figure 1.125 Block diagram of an octal to binary encoder. 


Example 


If 1, 3, and 5 key are pressed simultaneously then the code is 
produced for the key 5 not for 1 and 3 because if we assume that the 
highest key number has the highest priority. 
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Similarly, if 8 and 9 key are pressed, 9 is produced. To realize the 
priority encoders, we use the inhibit gates. 


1.35 Priority Encoder 


So far we have discussed normal encoder. If more than one input 
is activated at a time then the priority encoder will produce the 
binary code for the highest priority inputs. The block diagram of 
a priority encoder is shown in Fig. 1.126. For an example If 1,3 & 
5 key are pressed simultaneously, then the code is produced for 
the key 5(not for 1 and 3. Because if we assume that the highest 
key number has the highest priority) Similarly if 8 and 9 key are 
pressed, 9 is produced. To realize the priority encoders, we use the 
inhibit gates. 


(LSB ) 
0 bo 
1 bi 4 
2 b2 outputs 
3 Decimal to b3 
4 BCD Encoder (MSB) 
10 inputs 6 
6 
7 
8 
9 


Figure 1.126 Block diagram of a priority encoder. 


We have the expression for the output of normal encoder (decimal 
to binary encoder). 
Output for normal encoder 


b,=W,+W,=8+9 (When 8 or 9 is activated b, = 1) 
b,=4+5+6+7 

b,=2+3+4+6+7 

b,=1+3+5+7+9 


Priority Encoder 


For the priority encoder the priority encoder detects the priority 
input and produces the binary code for highest priority. 
Expression for priority encoder 


b,=8+9 (1.48) 


(If 8 or 9 or both are pressed then b, = 1) 
For priority encoder b, = 1, if W, = 1 and all higher inputs other 
than 4(which are not present for the expression) for b, must be 0. 


1. b,=1if W,=1 and W,=W,=0 
2. b,=1if W,=1 and W,=W,=0 
3. b, =1ifW,=1 and W,=W,=0 
4. b,=1ifW,=1and W,=W,=0 
Combining all these we can write the expression for b, 
b, = 489 + 589 + 689 + 789 

If 4 and 5 both are activated then also: 

b,=1 (1.49) 
For priority encoder: 
b, = 1, if W, = 1, input 2 is activated and the other higher priority 
inputs that are not present in the expression for b, must be zero. 


1. b, = 1, if W, =1, but W, = W, = W, = W, =0 
2. b, = 1, if W, 1, but W, = W, = W, = W, =0 
3. b, = 1, if W,=1, but W, = W, =0 

4. b, = 1, if W,=1, but W,=W,=0 


Combining all these, we can write the logical expression for 


b, = 24589 + 34589 + 689 + 789 (3) 


= 1, if W,=1 but W,=W,=W,=W,=0 
>= 1, if W,=1 but W,=W,=W,=0 


Combining all these we can write the logical expression for 


b, = 12468 + 3468 + 568 +78 +9 (4) 
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Realizing (Fig. 1.127). 


Figure 1.127 Logic circuit realization of the encoder outputs. 


1.35.1 Case 1 
Let, W, = W, = W, = 1 (that is when 1, 5, and 7 inputs are activated 
simultaneously and W, = W, = W, = W; = W, = W,=0) 

So, 


b,=W,+W,=0+0=0 
b=00+00+00+100 
To T T 

2 0 6 
=0+0+0+1 

=1 


b, = (0) 0 + (1) (0) ©) +0()+(1) (0 0) 


0 

=(1+1) 

=1 
b,=(1)0000+0()+100+10+0 

=1+1 

=1 


So, at the output b,b,b,b, = 0111 which is the binary code for 
decimal 7. 
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74148 — Octal to binary priority encoder with active low inputs 
and outputs (Fig. 1.128). EI = 0 implies that 74148 will be enabled. 
The truth table of the octal to binary priority encoder is given in 
Table 1.38. 

Carry outputs (carry of this may act as enable input for the next 
cascade) are used for cascading two or more 74148. 

Bro ha oo pin DIE 


0 b2 
1 
2 Priority Encoder +1 

74148 e— bo 
3 Octal to Binary 0 
4 EL/Enable f— Ws 
5 

pE 

6 0 
7 Input 


Figure 1.128 Block diagram of an octal to binary priority encoder. 


When we want to activate or apply 1 as input then we apply 0 V 
or ground (for that input). This priority encoder can be used as a 
normal encoder. If we activate 5, we get at the output (010) as the 
complement of 101 output is active low output. 


Table 1.38 Truth table for octal to binary priority encoder IC 74148 


(zzl 
a 
> 
Rs 

S 
Al 


coooocooocoocoor 
Px x XK XK KOK] O 
Px x XK XK OR XK] RR 
Px Kx MK KOR RK | ND 
Px KK KOR PR KI] Ww 
RP x< KK OR RP PRP mK] A 
RPx«M KOR HPP HBR KI] Um 
PK OR RP PRP RR KIO 
PORRPrRP RRP PP KK] YI 
POCO OCOORR REE 
PCOORPRCORREH|& 
POPOrRORORPFB|S& 
PoooooooorR S| 
wa 
CPP RPRP RRR PB 


74147 is also used which is decimal to binary priority encoder. If we 
use a NOT gate in the output of (1) and connect them to the LED and 
in this we get the actual output, not the complement of it. 

Realize octal to binary normal encoder by using diode encoding 
matrix. 
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Problems 


= 


. What is Digital Electronics? 

. What are combinational circuits? 

. Define binary logic. 

. Define logic gates. 

. Define Truth Table. 

What is Min term? 

. What is Max term? 

. Define K Map. 

. Define duality property. 

. State De Morgan’s theorem. 

. What are called ‘don’t care conditions’? 
. Define half adder. 

. Define full adder. 

. Define binary adder. 

. What are decoders? 

. What are encoders? 

. Define priority encoder. 

. Define multiplexer. 

. Define binary decoder. 

. What are the two steps in gray to binary conversion? 
. Write the names of Universal gates. 


CONDU AWN 


NNP PRP RP RP RPP PPP 
POO ANAUBAWNPFRO 


Chapter 2 


Sequential Circuit 


2.1 Introduction 


In a combinational circuit shown in Fig. 2.1, the input at any instant 
is totally determined by the presents inputs. This indicates that 
for every change of input there is immediate change in the output. 
However, there are some occasions when we wish the output not to 
change, once set, when there is a change in the input combination. This 
basically gives the idea of sequential circuits. A digital logic circuit is 
said to be a sequential logic circuit if it consists of memory elements 
in addition to the combinational circuit. Moreover, the outputs 
of the circuit at any instant of time will depend upon the present 
input as well as the present state of the memory elements. Figure 
2.2 represents a sequential circuit that contains a combinational 
circuit to which memory element are connected to from a feedback 
path. The function of the memory is to store binary information at 
any given instant representing the states of the sequential circuit. 
The sequential circuit generates the binary output determined by 
the received binary input together with the present state of memory 
element. To store binary information, we can use a circuit called 
flip-flop, which is the basic memory element in digital systems. 
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The flip-flop retains its output between consecutive clock pulses. 
Flip-flops are employed for the construction of counters and resistor 
and in some other applications. They are called latches as they can 
hold or latch in either stable state. 


2.2 Definition of Combination 
and Sequential Circuits 


The digital circuits are classified as follows: 


1. combinational circuit 
2. sequential circuit 


2.2.1 Distinction Between Combinational 
and Sequential Circuits 


The combinational circuit is one whose outputs depend only on 
the present value of the input(s), independent of the past history of 
the input(s). The sequential circuit is, on the other hand, is a circuit 
whose output depends not only on the present value of the input but 
also on the past history of the input. 

Hence, we can say that a combinational circuit should not 
contain any memory element (device that can store some earlier 
information), whereas the sequential circuit contains at least one 
memory element. 


At t=1, 
a Z 
2 i Combinational 2 
n-inputs at t=4, ! Circuit At t=4, 
: m Outputs 
x DA 
My n 


Figure 2.1 A combinational circuit. 
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2.2.2 The Input—Output Relationship 


Zilk) = FAX (th). X(t) + Xal) (2.1) 
i=1,2,..m 
j=1,2,..n 


as input and output may not be always same. 
5; determines the nature of the function. 


1. The behavior of a combinational circuit is described by the output 
function as given by Eq. (2.1), whereas in a sequential circuit, 
some output is fed back to the input. 

2. Ina sequential circuit, we get two types of outputs. Z,{t,} is called 
the output function and y,{t,} is called the state function. 


Z(t) = G AX Ltd Xft Vilt Vltd, (2.2) 
where i varies from 1 to v. So we have u number of outputs, and 
Vth = WAX MGS X AGH Yt Y Ath 
where j= 1,2, ... 5 (2.3) 


X4 i : Zt) 
x — Combinatianal Zy (tk) 
u inputs Circuit 
at Ft, 


u no. ofi/ps and 
v no. of o/ps 


Memory 
⁄ element 


Figure 2.2 Input-output relationships. 
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3. Thus, we can say that sequential circuit is described by the output 
function as given by the Eq. (2.2) and next state function as given 
by Eq. (2.3). 

4. For a combinational circuit, the basic building blocks are logic 
gates. In a sequential circuit, the basic building blocks are 
flip-flops. 

5. Hence, a sequential circuit requires the presence of clock pulses. 

6. Examples of combinational circuits are logic gates, multiplexers, 
demultiplexers, decoders, and encoders. Examples of sequential 
circuits are flip-flops, registers, counters, memory devices, and 
sequence generator. 

7. The speed of a combinational circuit is higher than that of a 
sequential circuit. 


2.3 Flip-Flop 


A flip-flop is a basic memory element in digital circuits and can be 
used to store 1 bit of information. According to the data inputs, the 
state of a flip-flop can change only when a clock pulse is present. 

It has two stable states: 1 state and 0 state. It can be constructed 
by cross coupling two NOT circuit in the manner depicted in Fig. 2.3. 

In Fig. 2.3, the output of transistor Q, is connected to the input of 
transistor Q, and vice versa. This circuit is called a flip-flop. It can stay in 
one of two stable states. The flip-flop has two stable states and, hence, 
is called a bistable multivibrator as it can store 1 bit of information 
(Q=0 or Q=1), itis called a 1 bit memory or 1 bit storage cell. It is also 
calleda latch because it locks the information between consecutive clock 
pulses. A logic gate has truth tables, but a flip-flop has an “excitation 
table,” which provides information about what its (flip-flop) input 
should be if the outputs are specified before and after the clock pulses. 
Some flip-flops have preset and clear inputs for some specific purposes. 
“Clear” input is to clear or reset the output of the flip-flop (Q= 0) where 
“preset” input is used to set the output of the flip-flop (Q= 1). 

A flip-flop may be triggered in various ways: 


1. level triggering 
2. master-slave or pulse triggering 
3. positive and negative triggering 
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In the level triggering scheme, the output of the flip-flop responds to 
input(s) according to its truth table as long as the clock is present. In 
the master-slave (pulse) triggering, both negative and positive edges 
are needed for triggering. In the positive and negative triggering 
either positive clock pulse or negative clock pulse is required. 


2.4 Different Types of Flip-Flops 
and Their Application 
Vec=5V 
Re Re 
= R R 
a A : Q 
Q Q2 


Figure 2.3 S-R Flip-flop. 


2.4.1 S-R Flip-Flop 


1. There are two additional inputs S and R. 
2. Feedback path of resistance R; is fed to the base of Transisitor Q, 


S and R are two inputs to the transistors Q, and Q, respectively, 
which are used to change the outputs of the flip-flops (Q and Q’). 
When Q, is ON, Q, is OFF and vice versa. 

Here due to the presence of Rẹ (base resistances) and (Rg = 10R,) 
the collector swing is (V¢c-Veg sar) = 5 V-0.4/0.2 = 4.6 to 4.8 V, which 
is nearly equal to logical 1. 

However, the actual collector swing is smaller than this due to 
load and voltage divider action for the resistance R, and the actual 
collector swing is of the order of 3.8 to 4.2 V and for transistor- 
transistor logic (TTL) 3.5 V is logic 1. The truth table of SR flip-flop 
is given in Table 2.1. 
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Table 2.1 Characteristics table of S-R flip-flop 
S R Qnia 
0 0 No Change If zero earlier will remain zero and 
same for 1 
0 1 0 Flip-flop is reset 
0 1 Flip-flop is set 
1 1 Output ambiguous as both Q,and Q, 
cannot be simultaneously operated 
S=Set 
R = Reset 


Therefore, this is also called set-reset flip-flop. 


Basically there are four different types of flip-flops: 
1. S-R Flip-flop. 

2. J-K Flip-flop. 

3. D-type or Delay flip-flop. 

4. T-type or Toggle flip-flop. 


Again, depending on the presence of clock input, flip-flops can be of 
two types 


1. Asynchronous flip-flop or unclocked flip-flop. 
2. Synchronous flip-flop or clocked flip-flop. 


Table 2.2 is shown for comparison. 


Table 2.2 Comparison between synchronous and asynchronous flip-flop 


Asynchronous flip-flop 
or unclocked flip-flop 


Synchronous flip-flop 
or clocked flip-flop 


The output of asynchronous or unclocked flip- 
flop is independent of any clock pulse or in such 
flip-flop no clock pulse is used. The output of 
such flip-flop depends only on the data inputs. 


The output of synchronous flip-flop or clocked 
flip-flop changes state in synchronization with 
a clock pulse when data inputs are applied. 
Changes in the output will take place with the 
specific instant of time. 


The clock pulse is a train of rectangular pulse in time domain 
where the wave form may be periodic or aperiodic. 
For simplicity, we always consider periodic clock pulse. 


Following are the main applications of a flip-flop: 


1. Itcan be used as one bit to multiple bit memory elements. (Cascade 
of two flip-flops is a 2 bit memory element and for n cascaded 
flip-flops, it is n element memory.) 
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2. It is used in the architecture section of a computer as 

(a) an accumulator as (where data is permanently stored) in 
(conjunction with) an adder to store and update data when 
clocked, 

(b) a status indicator, 

(c) astorage buffer for a computer input/output system. 

3. It can be used for alphanumeric display (to display alphabets 
or numerals, which can be stored in the flip-flop output and 
displayed accordingly). 

4. It can be used for various types of registers such as shift register, 
e.g., SI-SO, SI-PO, PI-SO, PI-PO, and bidirectional shift register 
(Here S = Serial, P = Parallel, I = Input, O = Output). 

5. It can be used in different types of counter applications. 

6. It can be used as a simple divided by N circuit or frequency 
divider (the f. at the output of flip-flop may change from the 
input; input f. is divided, depending upon the structure of the 
flip-flop). 

7. Itis used for the design of sequence generator. 

8. It is used for error detection and data conversion. If overflow 
flip-flop gives 1 at the output, the circuit can be used for overflow 
detection. 


2.4.1.1 Unclocked/asynchronous S-R flip-flop 
Figure 2.4 shows an Unclocked/asynchronous S-R flip-flop. 


Figure 2.4 Unclocked/asynchronous S-R flip-flop. 


It is unclocked as no clock impulse is required. However, it requires 
four, two-input NAND gates, i.e. one 7400 IC. 
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The corresponding truth table is given in Table 2.3. 
Table 2.3 Truth table of S-R flip-flop 


S R Qn +1 

0 0 Qn No change 

0 1 0 Flip-flops is reset 

1 0 1 Flip-flops is set 

1 1 Not allowed, which is evident 


from logic diagram. 


2.4.1.2 Synchronous or clocked S-R flip-flop 


44 
clock 
pulse 
generator 


R 


Figure 2.5 Synchronous or clocked S-R flip-flop. 


The output of the flip-flop can change only when the clock pulse is 
5V, that is, the output changes only during some specific instant of 
time. For the clocked S-R flip-flop shown in Fig. 2.5, the output of 
S-R flip-flop changes during the interval over which the clock pulse 
is high so that the output of the S-R flip-flop may change state only 
during time intervals ¢,, t,, t}, and so on. 

As shown in figure for the clock pulse, i.e. at instants t}, t,, t, if 


S=R=1 then Q,,, and Q,,, may change from Q, and Q,. 


2.4.1.3 Advantages of clocked S-R flip-flop 

1. It is easy to change the output at certain instant of time. 

2. The output will not change when the clock pulse is 0. When the 
output changes state with the positive edge of the pulse, it is 
positive-triggered clock and when the output changes state with 
the negative edge of the pulse, it is negative clock. This is edge- 
triggered clock. 
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2.4.2 Jack—Kibby Flip-Flop 


Jack-Kibby (J-K) flip-flop is a bistable multivibrator (0 and 1). 
J and K are the trigger inputs. Figure 2.6 shows the block diagram 
of a clocked J-K flip-flop. The corresponding truth table is given in 


Table 2.4. 


Table 2.4 Truth table of clocked J-K flip-flop 


Clock J K Quast 

1 0 0 Qn Previous state=present 
state 

2 0 1 0 Always independent of 
previous state 

3 1 0 1 Always independent of 
previous state 

4 1 1 Q, Present state=complement 


Figure 2.6 J-K flip-flop. 


of the previous state 


Ol 


2.4.2.1 To realize J-K flip-flop from S-R flip-flop 
This is called flip-flop conversion. 

We write the state transition table (ST table) from S-R to J-K 
flip-flop conversion as shown in Table 2.5. The simplification of the 
expression is shown in the Fig. 2.7a 
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Table 2.5 S-R to J-K flip-flop conversion 


Dec J K Qn S R Qna 
0 0 0 0 0 X 0 
T 0 0 1 X 0 1 
2 0 1 0 0 X 0 
3 0 1 1 0 1 0 
4 1 0 0 1 0 1 
5 1 0 1 X 0 1 
6 1 1 0 1 0 1 
7 1 it 1 0 1 0 


Truth table of S-R flip-flop 


S R Qnet 

0 0 Qn 

0 1 0 (Reset) 
1 0 1 (Set) 

1 1 Not allowed 


S=F (J, K, Q,) = dim (4, 6) + Xd (1, 5) 
R=F(J,K, Q,) = Xm (3, 7) + Xd (0, 2) 


Figure 2.7a Simplified Expression. 


K@n 


Using S-R flip-flop we can get J-K flip-flop and the circuit is shown 
in the Fig. 2.7b. And the verification table is shown in the Table 2.5a 


Figure 2.7b S-R flip-flop. 
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Table 2.5a Truth table verification 


J K Qn S R Qni 
0 0 0 0 0 0 
0 0 1 0 0 1 
So Qn = Qur 
J K Qn S R Qas 
0 1 0 0 0 0 
0 1 1 0 1 0 
1 0 0 1 0 1 
1 0 1 0 0 1 


For J, K=1,0, Q,,;=1 


J K Qn S R Qn 
1 1 0 1 0 1 
1 1 1 0 1 0 


|, K=0,1, Q,,, = 0 and for J, K = 1,1, Qpa = Qp 


n+1 


2.4.3 Clocked J-K Flip-Flop 


Figures 2.8a and 2.8b represent a clocked J-K flip-flop. In Fig. 2.8a, 
lumped delay line is used and preset and clear terminals are added. 


lumped delay line 


Pr 


rs oe 


lumped delay line Sas 


Figure 2.8a Clocked J-K flip-flop. 
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Figure 2.8b Clocked J-K flip-flop. 


1. Pr = preset input, Clr = clear input. The function of Pr and Clr line 
is shown in Table 2.6 of flip-flop as by applying suitable value at 
these inputs with CLK = 0 that is with no clock pulse we can set or 
reset a flip-flop. All flip-flops will generally contain at least 1 or 2 
asynchronous inputs. The funcwtion of Pr and Cir line is shown in 
the Table 2.6. 


Table 2.6 Function of Pr and Cir line 


Clk Pr Clr Qati 

0 0 1 1 Setting a flip-flop output 

0 1 0 0 To clear the output of flip-flop 
1 1 1 Flip-flop is enabled to change 


state (BLANK) changes in 
data inputs and clock pulse. 


The J and K inputs are called synchronous inputs because by 
suitable changes in J and K and in synchronism with the clock pulse, 
the output can be changed. 


2.4.4 D-Flip-Flop 


The block diagram, truth table and the output waveform of D-Flip-flop 
are shown in Fig. 2.9, Table 2.7 and Fig. 2.10, respectively. 
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tre edge 
triggered 
D type 


F/F 


Clr 


Figure 2.9 D-Flip-flop. 


Table 2.7 Truth table of D-flip-flop 


D Qna 
0 0 
1 1 


The data at the input of the D- F/F will be delayed at its output by 
one clock period. We are assuming that the F/F is positive edge 
triggered. 


Clock ee | LEL 


D=0 J LI L O/P waveform if LP is zero 
D=1 | a E O/P waveform if LP is one 


Figure 2.10 Wave form for F-flip-flop. 


2.4.5 T-Flip-Flop 


The block diagram, truth table and the output waveform of D-Flip-flop 
are shown in Fig. 2.11, Table 2.8, and Fig. 2.12, respectively. 
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+ve edge : 
> triggered 
T type 
F/F 
Q 


Clr 


Figure 2.11 T-Flip-flop. 


Table 2.8 Truth table of T-flip-flop 


T Qn +1 
0 Q => present state = previous state 
1 Q 


O/P waveform if IP is zero 


1 
2T =5 Sex 


Figure 2.12 Wave form for T-flip-flop. 


2.4.5.1 Realization of T flip-flop from D and J-K flip-flop 

The realization of T-Flip-flop from D-Flip-flop is shown in the 
Fig. 2.13 and realization of T-Flip-flop from J-K Flip-flop is shown 
by the Fig. 2.14 and Tables 2.9 and 2.10. 


T 
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7479 


Figure 2.13 Implementation of T-flip-flop using D-flip-flop. 


D=T®Q, 


At T= 1, the output of the flip-flop will vary from 0 to 1. 


Table 2.9 T-Flip-flop from J-K flip-flop 


T Qn J K Qnr 
0 0 0 X 0 
0 1 X 0 1 
1 0 1 X 1 
1 1 X 1 0 


Table 2.10 Truth table of 


J-K flip-flop 
J K Qna 
0 0 Qn 
0 1 0 
1 0 a 
1 1 Qn 
J=fi (T Qn) 
= Ym (2) + Xd (1, 3) 
K =f, (T Q,,) 


= Ym (3) + Ya (0, 2) 


133 


134 


Sequential Circuit 


Ol 


Figure 2.14 Implementation of T-flip-flop using J-K flip-flop. 


2.5 Flip-Flop Used as a Divider Circuit 


J K Qu 


1 1 4, 


Clock: 


OFP of J-K FF: 


Q=0 


“——— zi + 
Figure 2.15 Negative edge triggered J-K flip-flop acting as Mod 2 counter. 


Flip-Flop Used as a Divider Circuit 


Let us consider that the J-K F/F considered here is negative edge 
trigger flip-flop as shown in the Fig. 2.15. The output changes state 
at the level 1,2,... before applying clock pulse Q = 0 and Q = 1. 

So the frequency of the output waveform is 


fg=1/(2T) 
= (1/2)(1/T) 


So it behaves as a divider circuit as f. is divided by a factor of 2. 


2.5.1 Conclusion 


A simple J-K flip-flop with J =K=1 as inputs can be used as a divided 
by 2(+2) circuit. 
or Mod 2 Counter (01-0) 


Figure 2.16 Circuit diagram and waveform of J-K flip-flop acting as divide- 
by-four circuit. 
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As it switches from 0 to 1 after first clock pulse and switches from 
1 to 0 after second clock pulse. Figure 2.16 represents a divide-by- 
four circuit. 

The J-K flip-flop has got another disadvantage that is due to 
racing problem. 


2.6 Racing Problem 


For the J-K flip-flop let J = K = 1 and say Q, = 0. If we apply clock 
pulse whose duration is equal to t, (pulse duration) that is during 
t, interval clock pulse = 1 then the output of J-K flip-flop changes 
from 0 to 1 after At as can be seen in the Fig. 2.17. (Since the flip- 
flops are made of gates which have their respective propagation 
delay) where At = propagation delay of J-K flip-flop. But as At << 
tp after At we get J= K=1.Q,=1. 


—| — At= Propagation Delay of J-K 


Figure 2.17 Clock pulse. 


Since after At, the clock pulse is still high Q, will again change 
state from 1 to 0. So, during t, where t, > At, the output of J-K flip- 
flop oscillates back and forth between 0 and 1 and thus at the end of 
the clock pulse, the output of the J-K flip-flop will be undetermined. 
This phenomena of fluctuating output of J-K flip-flop when t, > At 
is called racing. So, present racing problem we have to satisfy the 
following condition called race around condition that is: 


t,< At <T (2.4) 
where 


t,= pulse duration of clock pulse 

At = propagation delay of J-K flip-flop (time interval required for 
change in output to the change in input) 

T= time period of the clock pulse. 


Racing Problem 


Equation (2.4) can be satisfied; that is the racing problem can be 
avoided by using 


(a) a lumped delay line in the feedback path from the output to the 
input. The At, is the additional delay due to the lumped delay 
line (At + At,) > tp 

Then clock pulse becomes 0 and this can be done by the R-C 
circuit in feedback path. 

(b) the most widely used IC solution is the use of master-slave 
clocking. 

There are three methods of clock pulse: 


1. DC or edge triggered clock 
2. AC coupled clock 
3. master-slave clock 


1. DC or edge triggered clock: 

The DC or edge triggered clocks are generally used for TTL 

devices and the output of a flip-flop change state due to transition 

of voltage corresponding to clock input. 

(a) A positive edge triggered clock is one where output changes 
state when the clock pulse changes from 0 to 1 or low to 
high state i.e. during the positive transition as shown in 
Fig. 2.18. 

(b) A negative edge triggered clock is one when output changes 
state when the clock pulse changes from 1 to 0 or high to low, 
that is during negative transition of clock pulse as shown in 
Fig. 2.19. 


5V 


ov 


Figure 2.18 Positive clock transition. 


| + | +] l J| J> E EE 


Figure 2.19 Negative clock transition. 
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A particular flip-flop can be either negative or positive edge triggered 
not both simultaneously. However in some flip-flops both can be 
present. Generally, any of these two types is used for a flip-flop. This 
edge triggered clock or this technique provides high speed transition 
independent of the clock rise and fall time (assumed to be equal to 0). 
But if rise or fall time increases beyond 150 ns then noise immunity 
of the device will decrease. Noise immunity is defined as the amount 
of noise which can be withstood by the flip-flop without giving any 
error. 


Charaing and 


|) Capacitor of 
Capacitor 


p eee coupled 


charging ee S discharaina ti 
time ischarging time 


Figure 2.20 Capacitive coupled clock. 


2. An AC coupled clock is used in diode transistor logic (DTL) device 
and this clock is capacitively coupled (as shown in the Fig. 2.20) 
internally to the latching mechanism in a flip-flop. For AC coupled 
clock the change in. 

If the rise time or fall time of the AC coupled clock is greater than 

200 ns, the operation of flip-flop with AC coupled clock, will be 

either interrupt or impossible (disadvantages). 


2.7 Master-Slave Clock 


It is used in the master-slave J-K flip-flop. This uses two latch of 
flip-flop in serial. One is called the master and the other is called the 
slave latch (Fig. 2.21). 

When master is enabled, slave is disabled and vice versa. So, in 
this technique, when master is enabled, slave is disabled i.e. when 
clock = 1, master is enabled, slave is disabled. 
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Latch 2 
FF2 


Master Slave 


Figure 2.21 Master-slave clock. 


When clock = 0, master is disabled, slave is enabled. 

This isolates the output of slave from input of master and this 
prevents racing problem. 

To prevent racing problem 


t,<At<T 
At >t, 
At<T 
2 3 
clock ——> 
1 4 


Figure 2.22 Clocking action of master-slave clock. 


The clocking action of master-slave clock has got four steps (Fig. 2.22). 

At step (1), the slave is isolated from the master. 

At step (2), voltage rises and data is enabled at the input of the 
master and this implies master enabled and slave disabled. 

At step (3), data is disabled at the input of the master but enabled 
at the input of slave which implies that master is disabled and slave 
is enabled. 

At step (4), data transfer from the output of the master to the 
output of the slave. This prevents racing problem as the output of 1 
cannot affect the input of the other. 
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2.7.1 Input Circuit of a Positive Edge Triggered 


As there is no clock input as we use a synchronous flip-flop only 
during the positive spike the output changes and so, it is called the 
positive edge triggered. 


“Master” I “Slave 
Flip-flop | Flip-flop 


Figure 2.23 Positive edge triggered. 


By differentiating clock pulse positive edge triggered pulse is 
produced. 


D=T(+)Q, 


2.7.2 Operation of J-K Master—Slave Flip-Flop 


According to Fig. 2.24, master is a J-K flip-flop and slave is an S-R 
flip-flop. The J-K flip-flop receives clock signal directly, whereas the 
slave which is an S-R flip-flop that receives the inverted clock. With 


Figure 2.24 J-K Master-slave F/F. 


Counters 


Clk = 1 and Clk = 0 master is enabled and slave is disabled. So, the 
master then satisfies the truth table for the J-K flip-flop. The data 
applied via J and K inputs to the master during Clk = 1 will appear as 
an output of the master but the output of the slave does not change 
state, (as S-R flip-flop do not change output when there is no clock 
pulse). When the clock = 0 that is during this time, the master is 
disabled and slave is enabled and the data is transferred from 
the output of the master to the output of the slave during which 
Clk = 0 that is Clk = 1. 


a 
4 


Figure 2.25 Clock pulse. 


During Clk = 0, any change in the J-K inputs will not change the 
final output. Only one thing is to be taken care of is that during the 
interval over which Clk = 1, the synchronous data inputs J and K 
remain constant, otherwise we may get erroneous results. 

Suppose at At,, if J = K = 1 then Q=1 and Q = 0, and after the 
interval At,, J = 0, K= 1 then Q=0 and Q=1. 

So, this prevents the race around condition, as the output and 
input are isolated. 


Advantages 
1. We can apply J and K=1 simultaneously. 
2. It does not suffer from racing. 


2.8 Counters 


Counter is a sequential device which can count the number of clock 
pulses applied at its input or which can remember the number 
of clock pulse applied at its input. On the second basis, counters 
can also be considered as a memory device. A single flip-flop can 
produce acount 0 and 1 that is maximum count = 2. Suitable cascade 
of n-flip-flops can count upto maximum of 2” count. 
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Q, Q, 


FF 1 


Master Slave 


Figure 2.26 Counter. 


When n = 2 (Fig. 2.26) 


Table 2.11 

Decimal Qi Qo Clk 
0 0 0 0 

1 0 1 1 

2 1 0 2 

3 1 1 3 
and repeat 0 0 4 
sequence 


So, a counter is a suitable connection or cascade of several flip-flops 
which always passes through some specified sequence of states 
with the arrival of each clock pulse. First clock pulse count sequence 


@) D B) 
0 >1 >2 >3 


(4) 
Such a counter is a binary counter. 
Counter is of two types: 


1. binary counter. 
2. nonbinary counter. 


1. Binary Counter 

A binary counter is one which passes through all possible sequence 

of states for a given number of flip-flop cascaded to realize a counter. 
Binary Counter (BC) — State sequence or state transition 

diagram with three flip-flops. 


Counters 


071752753754755756757 
< 8 


2. Nonbinary Counter 
Nonbinary counter on the other hand does not pass through all 
possible sequence of states that is, a counter in which some possible 
states are skipped of is called a nonbinary counter. 

Example are 


07-152 
C 


Because by means of 2 sequence we can reduce the counter to 
maximum 3. The count 3 is skipped off. 

The counter can be so logically designed that it will never arrive 
at the count 3. 


Nonbinary Counter (NBC) with Three Flip-Flops 
153-55 
a 


The counter can start from any intermediate states, not necessari- 
ly 0. The states or counts 2,4,6 and 7 are skipped or missing (i.e. some 
possible states are missing). So, it becomes a nonbinary counter. 


2.8.1 Modulus of a Counter 


Counter is said to have modulus K if after starting from some initial 
state itreturns to the same initial state after K number of clock pulses. 


07-1723 Modulus = 4 
{c 
(as it has taken 4 clock pulses) 


The minimum number of flip-flop N which is required to 
design a sequential counter of modulus K is obtained from the 
inequality. 

2t <g<2" (2.5) 


For Mod 8 counter that for K= 8. 
N=3 
2?<8<2° 
Hence, N=3 
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2.8.1.1 Mod 3 nonbinary counter 
This is not always applicable because if there is a counter which 
passes through the following states as stated in the following. Let us 
consider a mod 3 non binary counter. 

0-254 

C 
For K = 3 if we use Eq. (2.5) to find minimum value of N, the value 
of N is 2. But we cannot realize 4 with two flip-flops. For this we 
have to consider the highest count and accordingly decide upon the 
number of flip-flop. 

For a nonsequential counter, the minimum number of flip-flop 
required to design such counter depends upon the maximum counter. 
Since, there are three clock pulses, in this case N is suitably chosen as 3. 
So, three flip-flops are required in this case counter may be synchronous 
and asynchronous. Their design steps are given in tabular form. 


2.8.2 Design of Counter 


In a nonbinary counter, some count states are skipped off that is 
unused. 


Synchronous counter Asynchronous counter or ripple counter 


1. In this counter the clock pulse is applied 1. Clock pulse is applied to the clock input of 
simultaneously to the clock input of all the the first or LSB flip-flop and all other flip- 
flip-flop. flop get clock input from the output of the 

preceding flip-flop. 

2. The design is having more 2. It is simpler and easier to design, i.e. having 
hardware complexity. less hardware complexity. 

3. Its speed is greater, i.e. synchronous 3. Its speed is less or least and hence the clock 
counter can accept much higher clock frequency it can accept is not very large. 


frequency. (i.e. it changes state with 
much more rapidly than of asynchronous 


counter) 

4. Synchronous counter can be designed 4. Asynchronous counter can be designed only 

by using either J-K flip-flop, D-type by using J-K flip-flop. 

flip-flop, and so on. 

5. To design synchronous counter we have 5. To design asynchronous counter we have 
to find the minimized logical expressions to find the minimized logical expression for 
for the inputs of each J-K flip-flop preset and clear inputs of all the J-K flip- 
for each D-type flip-flop (For this we flop. These are asynchronous inputs. 
use the S T table.) 

6. Preset and clear inputs of all flip-flops 6. The J-K I/P of all the F/F are connected to 
are connected to logical 1 to enable all logical 1. 


flip-flops with clock pulse. 


Counters | 145 


2.8.2.1 Lock out condition 
If a counter, while passing through its used state, accidentally 
acquires some unused state and this occurs due to some transmission 
error so that the counter may not return to the used state from this 
unused state and the counter remains in unused state forever it is 
called lock out condition. So, we can design a nonbinary counter 
by preventing lock out condition or without preventing lock out 
condition. It is better to design by preventing lock out condition. 
To prevent lock out condition in a counter, we have to return the 
counter always from any unused state to the initial state which is 
one of the used states. 

Design procedure for Mod 3 asynchronous counter whose initial 
count = 0: 

Count sequence is 

0>1>2 


Initial state = 0 
Unused state/count = 3 


1. Find N, the minimum number of J-K flip-flop which satisfy the 
following condition: 

Nt < K< 2" hereK=3N=2 (minimum value) 

2. Write down the ST table for Mod 3 asynchronous counter which 
contains outputs of two flip-flops and preset and clear inputs of 
the two flip-flops. 

3. From this S T table, write down the logical expression for preset 
and clear input of each flip-flop either in minterm form or in 
maxterm form. 

4. Obtain the minimized expression for Pri and Clri inputs using 
separate K map for each Pri and Cri. 

5. Realize this minimized expression by using suitable logic gates. 

6. Initially, set the counter output to 00 by applying suitable values 
of preset and clear inputs for each J-K flip-flop. 

7. Connect all preset and Clr inputs of each flip-flop according to the 
expression obtained by Step 5. 

8. Now connect all J-K inputs of all flip-flops to logical 1. 

9. Apply clock pulse to the clock inputs of first flip-flop or LSB and 
other flip-flop gets clock pulse from the output of the preceding 
flip-flop. 
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Preventing the lock out condition ST table or Mod 3 asynchronous 
counter 


Table 2.12 
Clk Count Qi Qo Pr, Clr, Pro Ciro 


WNRO 
WNRO 
RPROoOO 
PRPRPR 
CORRR 


When output changes from one used state to other used state Pr and 
Clr=1. 


Table 2.13 
Clk Pr Cir. Quai 


By observing the ST table 
Pr, = ym (0, 1, 2, 3), Cir, = }m (0, 1, 2), 
Pry = ym (0, 1, 2, 3), Crs = dim (0, 1, 2) 

(If all the cells of the K map are filled, the logical expression is 1.) 
Clr, = Clr =Q + Q, 


From the Fig. 2.27 at first, let Clr) = Clr; = 0, so that Q, = Q = 0. Now, 
put Pr, = Pr,=1 
Now apply J,, Kj, Jo, Ko for Mod 4 asynchronous counter. 
For Mod 4 asynchronous counter IS = initial stage 
(1) (2) (3) > clock pulse 
(iS)O~> 1352-53 
a 
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Figure 2.27 Asynchronous circuit design. 
Table 2.14 ST table for Mod 4 with initial count = 0 
Clk Count Qi Qo Pri Clr, Pro Clr 
0 0 0 0 1 1 1 1 
1 1 0 1 1 1 1 1 
2 2 1 0 1 1 1 1 
3 3 1 1 1 1 1 1 
4 0 0 0 1 1 1 1 


As this is also used state now. 
Pr, = Pro= Clr, = Clr, = ym (0, 1, 2, 3) 
Pr, = Pro = Cir, = Clrg=1 


Design of Mod 5 counter (Preventing lock out) 


NC 
Seven Segment 


Display Device ? 


Figure 2.28 Mod 5 counter without lock out. 
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Initial count = 2 


D 3 B) (4) 
2—> 3 4— 5—6 
ąa— 


(5) — 5th clock 


Since K=5, So N=3. 


Table 2.15 ST table for Mod 5 counter 


Clk Count 


O 
N 
O 
= 


Qo Decimal Pr, Clr, Pr, Clr, Pro Ciro 


au fkWN 


NOU Sf WNRO 
OANA UHWHN 
CORPRRROO 
CORR OORR 
PORPROrRORSOS 
PRPPRPRPRPPR 
SCOORRPR RE 
SCOORRR RE 
PRPRPRPRPRP RR 
PRPRPRPRP PRR 
SCOORRPR RE 


Pr, = Clr, = Pry = ym (0, 1, 2, 3, 4, 5, 6, 7) 
Clr, = Pr, = Clr, = yim (2, 3, 4, 5, 6) 
Cir, = Pr, = Clry = Q, Q4 +Q, Qi +Q Qo 


=Q, ® Q +Q Qo 
2:2 5 
Q,N 00 01 
j 
1 (1 1) | 


Figure 2.29a K Mapsimplification. 


so to design three J-K flip-flops has been used and it is shown in 
the Fig. 2.29(a), 2.29(b) 2.29(c) 
For Q =0 = Clr)=0, Pry=1 
Q, =1 = Pr, =0, Cir, = 1 For initial counter 
Q, =0 => Pr, = 1, Clr, = 0 setting. 
With this, the Mod 5 asynchronous counter will have a sequence 
2733-47556 
< 
faoc = 1/T and fọ, =1/5T = (1/5) faoc for Mod 5. 


Counters 


Pri Pa=1 


intially 


if frequency sa 


as Go x y p 
changes with each clock pulse 


and changes after 2 clock pulse 


eJ LI l 


e a 


Figure 2.29c Time period of the waveform at the output of Q,. 


Clock Count 


Ge 
N 
QO 
S 
& 
© 


NDUAWNRO 
POOrRrRROO 
CORPRrRPROORR 
CrReoCORORO 
CONDUAWHN 


For Mod 7, the output SQ, is divided by 7. 


2.8.2.2 Design procedure for synchronous counter 
1. Find N the minimum number of J-K F/Fs using J-K F/F whose 
Initial count = 0 and prevent lock out. 
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. Write down ST table for Mod 3 synchronous counter which 


contains outputs of two flip-flops J and K. 


. Write logical expression for J,and K,. 

. Obtain the minimized expression for J,s and K;s. 

. Realize minimized expression of Js and Ks. 

. Initially, set the counter output to 00 by applying suitable values 


of preset and clear inputs for each J-K flip-flop. 


. Connect J’s and K’s input of each flip-flop by using the minimized 


expression for Js and Ks obtained by step 5. 


. Connect Pr and Cir inputs to logical 1. 
. Apply clock pulse to the clock input of all the flip-flops. 


Table 2.16 MOD 3 Synchronous Counter 
using J-K flip-flop 


Clock Count Q, Qo J K: Jo Ko 


0 0 0 0 0 X 1 X 
1 1 0 1 1 X X 1 
2 2 1 0 X 1 0 X 
3 3 1 1 X 1 X 1 
J K Qna 
0 o Q, 
0 1 0 
1 0 1 
1 1 Q, 
Q, Qata J K 
0 E 0 0 X 
0 ES 1 1 X 
1 aN 1 X 0 
1 > 0 X 1 


J,=Lm (1) + did (2, 3) 
K,=ym (2, 3) + Yd (0, 1) 
Jo= Xm (0) + did (1, 3) 
Ko=5m (1, 3) + Xd (0, 2) 


This will behave as Mod 3 synchronous counter. The design 


and implementation is shown in the Figs. 2.30(a) and 2.30(b) 
respectively. 
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Figure 2.30c IC Implementation of the circuit. 
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Initial count setting for MOD 5 asynchronous counter using D flip-flop 
Q,=0, Pr)=1, Ciry=0 
Q,=0, Pr,=1and Cir,=0 

Then put Pry=1=Pr,=Clr)=Clr, 


p Qna 
0 0 
1 1 


As we are not interested in previous lockout condition, we put 
do not care condition for inputs D,, D, and D, for the unused states. 
D,=¥im (3, 4,5) + Xd (0, 1, 7) 
D,=%m (2,5, 6) + did (0, 1, 7) 
Dy= dm (2,4) + Xd (0, 1, 7) 


QM 


Dy = Q, Qo +Q Qo 


a,» 
0 


Do= Qi Qo + Qz Qo 


Figure 2.31(a) 


Counters 


intially 


ts 


if frequency maá 


Figure 2.31(b) MOD 3 asynchronous counter using D flip-flop. 


2.8.3 Decoding Error in Counter 


Decoding errors in a ripple or asynchronous counter: 
Two questions before 


1. whether any frequency clock frequency can be applied? 
2. does it necessarily mean periodic pulse? 


Three stage ripple counter whose modulus is 8. (So it is a binary 
flip-flop.) 
Count sequence 


paT 
Binary flip-flop as all possible stages are there. 


= Pr,=1 Pro=1 
1 Posl 1 ji i 2 


Clrp=1 Cir7! 


Figure 2.32 Three stage binary counter. 
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Qo changes state when input clock waveform changes from 1 to 0, 
Q, changes state, when Q, changes state from 1 to 0 and Q, changes 
state when Q, changes state from 1 to 0. 

But according to J-K truth table 


Clk J Ona 
L 
negative edge triggered 1 Q, 
The decoding circuit is shown in the Fig. 2.33. 
j } K 1 
E 
| ds 
| } Ky 
|] 
| Ks 
|_ {fs 
| ey 
Figure 2.33 Decoding circuit. 
Table 2.17 
Strobe Ko Kı K, K3 Ky Ks Ke K? Count 
1 1 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 1 
1 0 0 1 0 0 0 0 0 2 
1 0 0 0 1 0 0 0 0 3 
1 0 0 0 0 1 0 0 0 4 
1 0 0 0 0 0 1 0 0 5 
1 0 0 0 0 0 0 1 0 6 
1 0 0 0 0 0 0 0 1 7 
Íaock F 1/T 


fo, Sioa? = 1/2T 
a= 1/47 fig! 
fo,= 1/8T=faock/8 
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This is an ideal waveform, as output is thought to be got 
instantaneously, though there is a propagation delay. We assume ta 
for all flip-flops are same. 


LOU 


Kg=1 


Figure 2.34 Waveform of MOD 8 counter. 


2 
p- 
z 
ULOJ2ABAN NOY 


Figure 2.35 Waveform showing decoding error due to propagation delay. 
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Maximum decoding error=3t,,(for Q,) 

Let ¢,4 of each flip-flop be 40 ns. 

Output of Q, changes state after 40 ns 

Output of Q, changes state after 80 ns 

Output of Q, changes state after 120 ns 

As 3 t,, is the maximum propagation delay for Q,. 

Let Qo Q, Q,=111. So the counter has count = 7 

Let us apply a clock pulse whose time period is <120 ns, say 
T=115 ns. After 115 ns only Q and Q, changes. After 115 ns, the 
output is 001, and the output will never be reset and after the next 
clock pulse it becomes 101. 


--— 115 ns — 
Figure 2.36 Clock pulse. 


So after 111 — we get 100 — then 101 — and this is due to the 
decoding error. So requirement, the time period of the clock pulse 
for 3 stage asynchronous counter should be 

T > 3ta 

So for N stage asynchronous counter or ripple counter the time 

period of the clock pulse should be 
T> Nta 

This is requirement for divider circuit. But to read the count also 
the counter require a strobe input signal for Tọ seconds and hence, 
the time period of the clock pulse for N stage ripple counter of 
asynchronous counter should be 

T> Nt,4+Ts 

(T; is allowed because if we want to read the strobe time count 
at same time.) 

So the input clock for N stage asynchronous ripple counter 
should be 

f< A/(N tat Ts), 
where N=number of J-K flip-flop used in N stage asynchronous 
ripple counter or asynchronous counter and 
T; = Storing time in s to read the count and 
tpa = Propagation delay of the flip-flop 


Counters 


For 3 stage ripple counter or asynchronous counter the maximum 
duration of decoding error interval is 3¢,,. 


Limitation: 

As N increases f decreases and speed decreases. So, there is a 
limitation on the frequency, foock max = 1/(N tpa + Ts). So, the 
manufacturer will specify the f, and thus, we can avoid the 
decoding error. 

Speed of asynchronous counter/ripple counter decreases as N, 
the number of flip-flop or modulus of asynchronous counter/ripple 
counter increases. 

(The same connection will hold, if the flip-flops are all positive 
edge triggered, we get K, = 1.) in the intermediate clock pulses 
instead of only 0 and 8th clock pulse. This is decoding error, which 
occurs due to propagation delay. 


lock max 


— T > — T, — — T, — 
Figure 2.37 


Itis not necessary in Fig. 2.35 the clock pulse is always periodic. 
It has only to satisfy the condition: 


Tmin Z (N tpa + Ts) 


Therefore, if this condition is satisfied, nonperiodic clock pulse will 
do. But we use the periodic clock pulse 


1. as output changes after definite interval of time. 

2. to draw the timing diagram with more efficiency. The output 
of one flip-flop ripples through the succeeding flip-flop and 
provide the clock pulse to succeeding flip-flop. Hence, the name 
ripple counter. 


To improve speed of counter synchronous counter are used: 


1. synchronous serial carry counter. 
2. synchronous parallel counter. 
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Three stage Synchronous Serial Carry Counter: 


clock 


Figure 2.38 Block diagram of three stage synchronous serial carry counter. 


The clock pulse is applied simultaneously to the clock input of all 
the flip-flops. 

The waveform (real and actual) for synchronous serial carry 
counter will almost falsify the same shape as that of asynchronous 
counter/ripple counter. The output of Q, will change state with the 
arrival of each negative edge of clock pulse. The output of Q will 
change state when Q, = 1 when output of AND gate A,=1 with each 
negative edge of the clock. The output Q, can change state, when 
Q)=Q,=1 that is, A,=1 and Q,=1 which results in A,=1. With each 
negative edge triggered clock. 

There is decoding error, as the time period of the input clock 
pulse for synchronous serial carry counter (3 stage) 

=T 2 t a (FFo) + 2t,4 (AND a +T; 


for reading count 
For N stage synchronous serial counter, the time period should 
satisfy the following conditions in order to avoid decoding error: 

T 2 tpa (FFo) + (N-1) tpa (AND) + Ts 


SoU 


q— T —* 


Figure 2.39 
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Since, the clock pulse is being acted upon simultaneously so clock 
frequency: 

fE1/ [tpa (FFo) + (N-1)t,q (AND) + Ts] 

fäodijiax ACT 1/(Nt,4 + Ts) 

[AC =Asynchronous Counter] 

Setockimax sscc= 1/ [tq (FFo) + (N-1)t,a (AND) + Ts] [SSCC= Synchro- 
nous Serial Carry Counter] 

3. (2) > (1) 
ta of AND gate=10 ns 

Let ¢,4=50 ns=t,q (FF) 
ta (AND)=10 ns 
T; = 40 ns 
For 3 stage counter 

fatock|max AC = 1/(3 x 50 + 40)=1/190 ns 
and 

Íaockjmax SSCC 7 1/(50 +2x10+ 40) TA 1/110 

So, there is an improvement of speed, if we want to improve the 
speed, by increasing N, which increases number of AND gates and 
this limits the fas if reduces to very low value and then use 3 stage 
synchronous parallel counter. 

The clock pulse is connected simultaneously in parallel. The 
inputs to the AND gates are applied parallely and hence the name 
synchronous parallel counter. It is the fastest counter. The output of 
Q, changes state with the arrival of each negative edge clock input. 
The Q, changes state with negative edge clock input provided Q) = 1. 

Q, changes state with negative edge clock input provided Q4 =1. So 
Q = Q, =1. 

The timing waveform is almost same as that for 3 stage ripple 
counter or asynchronous counter. Time period of the clock 
pulse for synchronous parallel counter (for 3 stage) should satisfy 
the following condition to avoid decoding error. 

T> ta (FF) + (N - 1)tpa (AND) + Ts 
tpa rro (F)=Propagation delay of flip-flop FFO as a function of fan 
out F 

The output Q, drives the 2 AND gates simultaneously. So the fan 
out is 2. 

So as fan out increases, propagation delay increases as such here 
is a relation between t aqro) with F as number of stages increases 
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and tya pro (F) increases and t aqro) (F) increases and it is the fan 
out of the synchronous counter which limits frequency or speed of 
synchronous parallel counter. 


1 


Si = 
ta (F) + ti (AND) +T, 


Table 2.18 Comparison of counter 


AC/RC SSCC Serial parallel counter 
1. Itis simpler to designand 1. It has the most comples 1. Ithas the most complex 
less complex hardware hardware complex circuitry. hardware circuitry. 
required. 
2. Clock pulse is applied only 2. Clock pulse is applied simul- 2. Clock pulse is applied simul- 
to the input of FFO (First taneously to all the clock taneously to all the clock 
flip-flop) and all other flip- input of all flip-flops. input of all flip-flops. 


flop circuits clock from the 
output of preceding flip-flop. 
. Speed is minimum 3. Speed is > A.C. but < S.P.C. 3. Speed is minimum. 
4. Decoding error interval 4. Decoding error interval 4. Decoding error interval 
depends upon the number of depends upon the number of depends upon the fan out of 
flip-flops used and propaga- AND gates and propagation first flip-flop (FF0) 


w 


tion delay through it delay through it. 
5. For N-stage AC/RC 5. For N-stage SSCC 5. For N-stage SPC 
T2Nt,4+ Ts T> tpa (FFO) + (N-1) tpa T 2 tparro (F) + tpa AND + Ts 
fS1/ (N tpa + Ts) AND + Ts f< 1/t,a (FF0) + fS 1/(tparro (F) + tpa AND 
(N-1) tpa AND + Tg + Ts) 
Operation of IC7490 


4 bit output of counter 


5y NC 
Mod-10 decade NC 
counter 
NC 
NC 
MR; MR,M51 MS; CP, CP, 


2 Clk pulse input 


Figure 2.40 Block diagram of IC 7490. 
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Table 2.19 Truth table for the counter 


Master reset input Master set input 

MR, MR, MS, MS, Qs Qo Qi Qo 
1 1 X 0 0 0 0 0 
1 1 0 X 0 0 0 0 
X X 1 1 1 0 0 1 
0 X 0 X 

0 X X 0 

X 0 0 X 

X 0 X 0 


This counter is organized as a cascade of two counters. 


Mode A: 
If Q, is connected with CP, and external clock pulse is applied at CP) 
then it behaves as a Mod 10 or Decade Counter. 

The count sequence is: 


o—> 1 — 2—3 — 4 — 5 — 6 — 3 7 8 9 


This is a nonbinary counter as out of 16 possible counts, we get 
only nine counts. 


Mode B: 

Short circuit Q}; with CP, and apply external clock at CP, input. This 
sequence is called symmetrical biquinary sequence. 

The count sequence is: 


o—>1—> 2—3 — 4 — 5—6 TI 


Count sequence: 


So enable counter set, if and also check the set and reset conditions 
before. 
All the flip-flops here are negative edge triggered flip-flop. 
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Biquinary: 


B,= 2 quinary = J 

It gives two times. The sequence 

0 > 2 > 4 > 6- 8=5 sequence and then 
1—3 > 5—7 — 9=5 sequence (next) 


Table 2.20 
OUTPUT Mod 5 counter output 

Clk Qs Q> Qi Qo Count 
0 0 0 0 
1 0 0 0 2 
Qo changes state when Q, changes from 1 to 0 

2 0 1 0 0 4 
3 0 1 1 0 6 
4 1 0 0 0 8 
5 0 0 0 1 1 
6 0 0 1 1 3 
7 0 1 0 1 5 
8 0 1 1 1 7 
9 1 0 0 1 9 
10 0 0 0 0 0 
Mod 5 counter output sequence 

QM 2) (3) 
0— 1—2 —>3 


< 


(4) 
Mode C: 
If we apply Cik to CP, input the output of Q}, Q, Q, gives Mod 5 
counter output. 


Mode D: 
If we apply Clk pulse to CP, input the output of Q) gives Mod 2 
counter output. 
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7493 =Binary asynchronous counter and Mod 16. 


14 pin DIP 
5y NC 
NC 
NC 
NC 
MR, MR, CP CP, 
2 cik pulse input 


Figure 2.41 Binary asynchronous counter and MOD 16. 


This 7493 is arranged as Table 2.21 Counter truth table for 7493 


® LSB 
CPe 
2 
7 (CP) + 8 counter 
Mod 2 counter Mod 8 counter 


Figure 2.42 IC 7493 arranged as MOD2 and MOD 8 counter. 


MR, MR, Q3 Q Qı Qo 

1 1 0 0 0 0 Resetting of counter 
1 0 Counter enable 

0 1 Counter enable 

0 0 


Hold count (counter stops counting) 
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Mode A: 
If Qo is shorted with CP, and external Clk is applied to CP, and if then 
we get the following Mod 16 count sequence. 


MR, MR, 
0 1 
1 0 


a @ ® (4) 5 © ™ (8) ©) ag a) ay as a4) as 
Qe 1 LS 9 10, th et 5 aad an 


So itis a binary counter as all possible states are there. 


Mode B: 
Connect external Clk to CP, so that the output Q;, Q,, Q4 gives Mod 8 
count sequence as follows: 


a) (2) G) (4) (5) (6) (7) 
0 —> 1 — 2—3 —> 4 5—6 —] 


Mode C: 
Apply clock pulse to CP, input then output Q, will give Mod 2 count 
sequence as 


oa | 


Maa” 


All flip-flops are negative edge triggered. (Connect clock input to 
another LED and when LED changes from on to off state the output also 
changes. This negative edge triggered of the counter will be verified.) 

Design of Mod 8 up down binary synchronous counter using J-K 
flip-flop 


Counters 


The up count sequence 


Q2 Qı Qo 
0 0 0 —0 


0 0 1 —= 1 
0 1 0 =—2 


0 1 1 >3 
I up count sequence 


Up count sequence 


0—1—2—-3—-4-—-5—6—7 [M=Control input=0] 


Down count sequence 


0—1 —2—3—4—5— 6—7 [M=Control input=1] 


The three flip-flops are required. 
And so combined OR expression of 


J,=K,=MQ) + MQ, 


Q, changes from 0 to 1 if Qù and Q, are both 1 for up count 
sequence and so 
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J>=K,=MQ,Q, and M=0 and Q, changes when Q,=Q,=0 and 
M=1 for down count sequence and so J,=K,=MQ,Q, 


Table 2.22 

Clk Count M Q, Q, Q Decimal J, K h K Jo 0 
1 0 0 0 0 0 0 0 X 0 X 1 X 
1 1 0 0 0 1 1 0 X 1 X X 1 
1 2 0 0 1 0 2 0 X X 0 1 X 
1 3 0 0 1 1 3 1 X X 1 X 1 
1 4 0 1 0 0 4 X 0 0 X 1 X 
1 5 0 1 0 1 5 X 0 1 X X 1 
1 6 0 1 1 0 6 X 0 X 0 1 X 
1 7 0 1 1 1 7 X 1 X 1 X 1 
1 A: 1 1 1 1 15 X 0 X 0 X 1 
1 6 1 1 1 0 14 X 0 X 1 1 X 
1 5 1 1 0 1 13 X 0 0 X X 1 
1 4 1 1 0 0 12 

1 3 1 0 1 1 11 

1 2 1 0 1 0 10 

1 1 1 0 0 1 9 

1 0 1 0 0 0 8 


So, combining we get 


J2=K,=MQ,Q) + MQ: Qo 


This is the short cut observation method. 


up count clock pulse (U.C.C.P) 
74192 Synchronous up/down 


Decade counter 
Mod 10 Borrow 


down count clock pulse (D.C.C.P) 


P P, P P >— cearinput 
2 p 
3 L U Lead cts high) 


input 
(active 


low) 


Figure 2.43 Synchronous up/down decade counter. 
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2.8.3.1 Designing of mod 4 up down counter 
IC available for up/down counter is IC 74192 and is shown in Fig. 
2.43. 

74192 — IC > Synchronous decade or Mod 10 up down counter 
chip 

So itis a 16 pin DIP. 
UCCP=Up count clock pulse 
DCCP=Down count clock pulse 


Table 2.23 


R Load P, P, P, Py UCCP DCCP Q; Qs Q Q 


1 1 X X X X X X 0 0 0 0 Resetting of 
counter 

0 0 X X Parallel load 

0 1 xX X X X 1 Counter incre- 


ments i.e. gives 
upcount sequence 
0 1 X X X X 1 Counter decre- 
ments and gives 
down count 
sequence. 


Up count sequence = 
07 1352753754755756757>58>59 
< 


Down count sequence = 
9>8—>7=>6—>5>4>3—>2—=>1>0 
< 


Modulus is 10, as after 10 clock pulses starting from 0 it returns to 
0 in the up clock sequence. 
If 12 is applied initially in down count sequence then 


12> 11510-9738 3775 6557545375251 0 


ROX x 
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1 
f = 


clock 
ti (F) + t a (AND) +T, 


2.8.3.2 Cascading of counter 

For cascading it is not necessary that both counters should be 
synchronous Mod m x n counter or asynchronous counter. It may 
also be equal to the + m x n circuit. 


Qo 


Mod-n Mod-n 
counter counter 


Figure 2.44 Cascading of counter. 


For +20, we cascade +5 and +4 counter. Synchronous decade counter 
chip 74160, 74 indicates the chip is built with TTL logic gates. 
4 outputs 
Qs Q: Qı Qa Væ=5V 


74160 
Synchronous i.e. Mod 


Decade Counter 10 
Clk pulse 


Py Py Pı Po GND 


4 bit parallel 
inputs 


Figure 2.45 Synchronous MOD 10 counter. 


Counters 


PP,P,P, are called parallel load inputs. 
Q3Q,Q,Q, are the outputs of the counter. 
PE > Parallel load input > Active low 


This is in synchronism with clock. 


R > Reset input > Active low 

CEP > Count enable parallel input 

CET > Count enable trickle input 

Tc — Terminal count of output 

Tç receives logical 1 output when counter receives the count=9, 
i.e. 1001 

Count sequence of 74160 is 


— ee ee eee ee, 


TC=1 when count = 9 
See schematic diagram for this IC 
Mode selects logic of 74160 


Table 2.24 


R PE CEP CET P, P, Py Py Qs Q, Q Q 


0 X X X X X X X 0 0 OO Resetting of Counter 
1 0 X X P, P, P, Py P} P, P, Py Parallel loading of counts 
1 1 1 X X X X Counter enables, i.e. counter 

increment with each clock 
pulse. (active rising edge i.e. 
positive edge triggered) 

1 1 0 1 X X X X Count hold. Counter stop 
incrementing. 

1 1 1 0 xX XXX Count hold 


How by using a single 74160 IC we can realize a modulus < 10. 

So, realize a Mod 10 counter by using a single 74160 IC, apply 
initially P;=P,=P,=P,)=0 and PE=0 to set the counter at 0 state or 
0 count. Now connect TC Output via a NOT gate to PE input. Now 
connect CEP = CET to logical 1 and also connect R=logical 1. Now 
apply clock pulse through clock input of 74160. 
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Table 2.25 

Clk Q} Q, Qi Qo Count TC PE 
0 0 0 0 0 0 0 1 
1 0 0 0 1 1 0 1 
2 0 0 1 0 2 0 1 
3 0 0 1 1 3 0 1 
4 0 1 0 0 4 0 1 
5 0 1 0 1 5 0 1 
6 0 1 1 0 6 0 1 
7 0 1 1 1 7 0 1 
8 1 0 0 0 8 0 1 
9 1 0 0 1 9 1 0 
10 0 0 0 0 0 0 1 


To realize a modulus 6 counter with 74160. 

To realize a counter of modulus 6 we require only six possible 
states. So from 10 possible states we have to skip 4 states that is 
10-6=4. Thus, load the counter with 4 = (0100). 

Connect four parallel inputs to four switches. 


(P3P2P;Po) = (0101) 


Table 2.26 
R PE CEP CET P, P, Py, Py Qs Q, Qi Qo 
0 1 0 0 0 1 0 0 

1 T al 1 X Counter is enabled 

Clk Count TC PE 

0 4 0 1 

1 5 0 1 

2 6 0 1 

3 7 0 1 

4 8 0 1 

5 9 1 0 

6 4 0 1 


Output clock frequency=f,,,,,,/6. 


So D DG A ©) 
4—=5—6—7—8—9 


(6) 


Counters 


So modulus is six, as after 6th clock pulse it returns to four. 

To realize Mod 3 counter we load (10—3=7) initially and thus we 
can realize any lower order modulus less than 10. This is also called 
pre settable counter or programmable counter. 

By cascading two 74160, we should get 10 x 10=100 Mod 
counter. We can realize a counter of any modulus, which is < 
100 (modulus should always be an integer). So this counter 
can be used in the frequency synthesizer for generating various 
frequencies. 


2.8.3.3 Designing mod 87 counter 

A mod 87 counter has 87 possible states. We have to skip 
(100-87)=13 possible states. So load the counter initially with 
13 in decimal. 


1 3 

ļ ļ 
Load 1 in the This is loaded 
MSB counter in LSB counter 


Apply PE for both the counters = 0. 


Cascading 2 74160 


count 3 x i 


oH counti 
(initially) (Initially) L_~ 
( o 1 1 PE, i i o 1 PE, 
) J, T 
R for 4R Cy 
ICEP Tanso 4 CEP 74160 (2) 
ve | — 
wi (LSB) counter CET (MSB) counter 
| 
rcp cP 
T T 
fetock i i fì A 
Cik pulse | 
o o 1 1 o| o al 4 
S 2m fe E & 4 


Figure 2.46 Block diagram of MOD 87 counter. 
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Table 2.27 

Clk Counter1 TC, Enabled/Disabled Counter 2 TC, PE, PE, Final 
count condition of counter 2 count Count 

0 3 0 D 1 0 1 1 13 


(Unless TC,=1, 
counter 2 is disabled) 


6 9 1 E 1 0 1 1 19 
after 6 

clock 

pulse 

7 0 0 D 2 0 1 1 20 
17 0 0 D 3 0 1 1 30 
27 0 0 D 4 0 1 1 40 
37 0 0 D 5 0 1 1 50 
47 0 0 D 6 0 1 1 60 
57 0 0 D 7 0 1 1 70 
67 0 0 D 8 0 1 1 80 
TT, 0 0 D 9 0 0 1 90 
86 9 1 E 9 1 1 1 99 
87 3 0 D 1 0 1 1 13 


Counter returns to 13 after 87 clock pulses. So final output clock 
frequency =f3ock/87. 

To realize Mod 13 counter by 74160: Mod 13 counter has 13 
possible states, so load the two counters =100—13 =87 to skip of 87 
possible states from 100 possible counts. Seven is the LSB count and 
8 is the MSB count. 


Table 2.28 
Clk Counter1 TC, Counter 2 Enabled/ Counter 2 TC, PE, PE, Final count 
count disabled count 
0 7 0 D 8 0 1 1 87 
1 8 0 D 8 0 1 1 88 
2 9 1 E 8 0 1 1 89 
3 0 0 D 9 1 1 1 90 
4 1 0 D 9 1 1 1 91 
5 2 0 D 9 1 1 1 92 
6 3 0 D 9 1 1 1 93 
7 4 0 D 9 1 1 1 94 
8 5 0 D 9 1 1 i 95 
9 6 0 D 9 1 1 1 96 
10 7 0 D 9 1 1 1 97 
11 8 0 D 9 1 1 1 98 
12 9 1 E 9 1 0 0 99 
13 7 0 D 8 0 1 87 
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Mee 8 @® O © ®M ®& D do) a) (2) 
87 — 88 — 89 — 90 — 91 — 92 — 93 — 94 — 95 — 96 — 97 — 98 — 99 


For realizing any counter of modulus <1000, we cascade three 
74160 and in that case we use one, three-input NAND gate. 


Problems 


1. What is flip-flop? 

2. For what conditions, clocked J-K flip-flop can be used as a 
divide-by-2 circuits when the input signal is applied at clock 
input? 

3. Whatis basic sequential logic building block in which the output 
follows the data input as long as the ENABLE input is active? 

4. Given that 7483 is a 4-bit parallel adder chip, how do you build 
a 16-bit parallel adder circuits? 

5. Which factor limits the propagation delay of ripple counter? 

6. How many flip-flops are required to construct a MOD 10 
Johnson counter and a MOD 5 ring counter? 

7. A 10 kHz clock signal having a duty cycle of 25% is used 
to clock a three-bit binary ripple counter. What will be the 
frequency and duty cycle of the true output of the MSB 
flip-flop? 

8. How many flip-flops are required to produce a divide-by-64 
device? 

9. HowisaJ-K flip-flop made to toggle? 

10. What is called ones catching? 

11. What is the disadvantage of S-R flip-flop? 

12. What is the hold condition of JK flip-flop? 

13. If both inputs of an S-R flip-flop are LOW, what will happen 
when the clock goes high? 

14. An active-HIGH input S-R latch has a 1 on the S input anda 0 on 
the R input. What state is the latch in? 

15. How many frequency dividers can be produced when a 5-bit 
Johnson counter is cascade with a 5-bit ring counter? 

16. How can the cross-coupled NAND flip-flop be made to have 
active-HIGH S-R inputs? 
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17. 
18. 
19. 


20. 


When T flip-flop does not change its state? 

Which flip-flop is called transparent? 

What is the characteristic equation of an R-S flip-flop with 
active-High inputs? 

In what condition output does not change in J-K flip-flop? 


Chapter 3 


Memory 


3.1 Computer Memory 


Memory is defined as basic unit of a computer where data and 
instructions are stored. It is organized into locations. Every 
memory location is called one memory word. The number of bits 
present in each location is called word length of the memory. It 
is generally multiplied by 8 bits. The capacity of the memory is 
define as the total numbered location in the memory. The capacity 
is the product of memory locations and word length of the mem- 
ory. Every memory has specific address. The memory is used to 
store information such as instructions, data, intermediate, and 
final results. 


3.2 Classifications of Memory 


A memory is classified according to its function, contents retention, 
and data access method. In the Fig. 3.1 the performance of different 
memories is compared according to memory speed, cost per bit, and 
power dissipation. 


Foundation of Digital Electronics and Logic Design 

Subir Kumar Sarkar, Asish Kumar De, and Souvik Sarkar 

Copyright © 2015 by Pan Stanford Publishing Pte. Ltd. 

ISBN 978-981-4364-58-4 (Hardcover), 978-981-4364-59-1 (eBook) 
www.panstanford.com 


176 | Memory 


Figure 3.1 Classification of memories. 
There are three basic types of memories: 


(i) semiconductor memories 
(ii) magnetic memories 
(iii) optical medium -based memories. 


3.2.1 Semiconductor Memories 


Semiconductor memories are semiconductor devices in which the 
basic storage cells are transistor circuits. 
They are of two types: 


(i) random access memories 
(ii) sequential access memories 


The random access memories are of two types: 


(a) Read Only Memory (ROM) 
(b) Read and Write Memory (RAM) 


The ROM is again classified into several types: 


Programmable ROM—Unlike ROM, it can be programmed by the 
user only once in its lifetime (by using a special circuit known as 
PROM programmer). 


Erasable Programmable ROM—Erasable Programmable ROM 
(EPROM) is an application in which data may change from time to 
time might call for the use of EPROM. The data can be programmed 
again if desired. 


Electrically Erasable ROM—Electrically Erasable ROM (EEROM or 
Electrically Alterable ROM) is an application in which a portion of 
data may change for time to time might call for the use of an EEROM. 
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It can be erased and programmed 10,000 times (both erasing and 
programming take about 4 to 10 ms. In EEROM, any location can be 
selectively erased and programmed). 


3.2.2 Magnetic Based Memory 
Magnetic based memories are of two types: 


(i) magnetic tape. 
(ii) magnetic disk. 


3.2.3 Optical Medium Based Memories 
Optical medium based memories are also of two types: 


(i) read type 
(ii) read/write type 


They are similar to magnetic disks. 

Note: The bit storage density is the highest for optical type memories and 
the lowest for the semiconductor memories. There is nearly an order 
of magnitude difference between the semiconductor and magnetic or 
the magnetic and optical storage densities. However, semiconductor 
memories have the following specialties for which they are used as the 
main memory and the others as the secondary or auxiliary memories: 


(i) small size 
(ii) low cost 
(iii) high reliability 
(iv) ease of expansion of memory size 
(v) electrical compatibility with the microprocessor 


3.2.4 Main or Primary Memory 


The main memory is defined as the memory unit that communi- 
cates directly with the central processing unit (CPU). It contains 
only the programs and data currently used by the processor reside 
inside in main memory. It determines the size and the number of 
programs that can be stored within the computer as well as the 
amount of data that can be processed. This is volatile, expensive, 
and slow read/write (R/W) memory. (Volatile means, as long as the 
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power is there it retains the contents, when power is switched off the 
content is lost.) Itis also random access memory (RAM). The primary 
memory (PM) is a must for every microprocessor-based system. It is 
this memory with which the microprocessor directly communicates 
through its system buses. The size of the PM is limited due to large 
cost as well as architectural limitation of microprocessor. Some part 
of primary memory is dedicated for OS process. It is the PM where 
the operating system (OS) resides, but in some PM area. 


3.2.4.1 Classification of primary memory 
Primary memory (PM) can be two types. RAM and ROM. The general 
structure of PM is given in the Fig. 3.2 


L L L 
Read/write RAM Read only Memory 
Memory (both) (ROM) 
(R/W Memory) 


Random Access Memory 


| 


Memory 


location ] 


2 


we 


each location can store 8 bits 


n A 


a 


~ 


location 8 
Figure 3.2 The RAM and ROM are the primary memories. 


3.2.4.2 Random access memory 
The random access memory (RAM) is a volatile storage device in 
which any memory location can be accessed at random for reading 
or writing. It retains the stored information as long as the power is 
not switched off. When power supply is switched off or interrupted 
the stored information in the RAM is lost. 

The RAM may be (i) static or (ii) dynamic 

Static RAM retains stored information only as long as the power 
supply is on. However, dynamic RAM loses its stored information in 
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avery short span of time even though power supply is on. Therefore, 
dynamic RAM has to be refreshed periodically. 


3.2.4.3 Read only memory 
Read only memory (ROM) is a onetime programmed, nonvolatile 
memory device. The user can only read it but cannot write onto 
ROM. The ROM stores permanent programs and other instructions, 
information which is needed by the computer to execute user pro- 
gram. 

Various types of ROMs are PROM, EPROM, EEROM, and so on. 


3.2.5 Secondary or Auxiliary Memory 


In a computer, there is not enough storage space in the primary 
memory until to accommodate all the system programs within 
for the computer. Further, after installation of a computer as 
time goes on, there is accumulation of large amount of informa- 
tion, which are not required by the processor at the same time. 
Hence, it is better to use lower cost storage devices to serve as a 
backup to store the information that is not currently required by 
the CPU. These backup storages are called auxiliary or secondary 
memory (SM). 


3.2.5.1 Definition of secondary memory 

The SM or auxiliary memory is defined to be the devices that pro- 
vide backup storage. All information that are not currently used by 
the CPU are stored in the SM and it is transferred to the primary 
memory as and when required. Magnetic drams, magnetic disks, 
and magnetic tapes are the most commonly used secondary memo- 
ries in the computer system. The SM is much slower than the main 
memory and it is used for storing system programs and large data 
which are not currently required by CPU. 


3.2.6 Secondary Storage Devices 


3.2.6.1 Hard disk 

It is a collection of disks called platters. These platters are coated 
with a material that allows data to be recorded magnetically. The 
typical rotation speed of the disk is 3,600 revolutions per minute 
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(RPM). The (R/W) head of drive moves across the disk surface to 
write or read data on to it. Hard disk is installed inside the computer 
and can access the data more quickly than floppy disk can. The cur- 
rently available disk has 80 GB (Giga byte) capacity (it is random 
access storage device). 

It is much larger capacity, less expensive, nonvolatile, and much 
faster than primary memory. This SM can communicate with PM via 
microprocessor buses. 

Examples of SM are 
The hard disk capacity is 1.2 GB (now), 640 MB (earlier), 200 MB 
(earlier), 2 GB (now), 3 GB (now), and much more. 

2 GB hard disk memory cost nearly INR 2000 which is much less 
than 4 MB primary memory. 

4 bits = 1 Nibble 

8 bits = 1 byte 

1024 bytes = 1 Kbyte 

1024 Kbytes = 1 Mbyte 

1024 Mbytes = 1 Gbyte 

2 Gbytes = (2 x 1024)/4 = 512 times the capacity of 4 MB, PM 
and at the same time less expensive. As hard discs are nonvolatile, 
they are used for storing large data, library software, and so on. It is 
also a R/W memory. 


3.2.7 Backup Memory 


It is still less expensive, much higher capacity, R/W memory, non- 
volatile, which are used for off line backup of large software data, 
library, programs, and so on. 

Example of backup memory magnetic tape, magnetic dish, car- 
tridge tape, digital audio tape (DAT), and video tape. Backup memory 
of this nature is generally sequential memory, that is, it is not pure- 
ly RAM. 


3.2.7.1 Floppy disk 

Unlike hard disk, floppy disks are individually packed disk. The 
recording medium on a floppy is a Mylar or vinyl plastic disk with 
magnetic coating on one or both sides. (This plastic disk coated with 
magnetic material is scaled permanently in a square plastic jacket 
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to protect it from dust and scratches. An elongated slot is cut in the 
jacket to enable the R/W head of the computer to access informa- 
tion from anywhere on the floppy.) Commonly availbale floppies are 
of size 3.5 inch diameters and capcity of 150 or 200 MB. A device 
called the floppy disk drive is required to read from or write onto a 
floppy disk. 


3.2.7.2 Magnetic tapes 

Also known as sequential storage device, magnetic tapes are similar 
to audio or video tapes with the difference that magnetic tapes are 
coated with magnetic material. Older tapes are 1 inch wide, smaller 
tapes are also available. 


3.2.7.2.1 Compact disc-read only memory. A compact disc-read 
only memory (CDROM) is made up of a reflective layer of aluminum 
or silver sandwiched between clear polycarbonate coatings. It has a 
protective layer of acrylic resin over it. Data is stored in digital form 
within polycarbonate layer. It is 1.2 mm thick and has a diameter 
of 120 mm. Its storing capacity is 700 MB even more now, which is 
equivalent to approximately 500 floppy disks. 


The CDROM is available in two forms: 


1. CD-R: It is called the CD-recordable. It is written once and can be 
read again and again. Data once written cannot be erased. 

2. CD-RW: This is known as erasable-CD. On such a disc, the user 
can erase previously recorded information and then record new 
information onto the same physical location. 


3.2.8 Cache Memory 


The cache is a small, high speed memory between the CPU and 
the main memory. Its purpose is to increase processor through- 
put by storing frequently used main memory instructions and data 
and to prefetch additional instructions (by predicting instruction 
branching). 


3.2.9 Virtual Memory 


It is a feature that helps to run a long program in a small physi- 
cal memory. The OS manages the big program by keeping only 
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part of it in main memory and using the SM for keeping the full 
program. 
Virtual memory describes the following two cases: 


1. The main memory space of the processor is not sufficient to run 
large programs. 

2. The physical main memory size is kept small to reduce the cost 
though the processor has large memory space. 


3.2.10 Memory Devices 


In most of the digital system, the memory device is one of the most 
important components. Especially for a microprocessor-based digi- 
tal system, memory devices are a must. 

Bus refers to the hardware lines through which mainly digital 
signals flows. Address lines is unidirectional. Data lines are bidirec- 
tional and can both accept and leave data. The I/O controls the 
input/output data. 

Therefore, memory device is a device in which binary information 
can be stored. It comes in a variety of organization: capacity (kilo- 
byte or megabyte) and speed (lower and higher speed). 


3.3 System Memory and Standard 
Memory Devices 


For RAM, the read access time or write access time for any memory 
location is constant. 

Read/write (R/W) memory is a PM in which we can read from any 
memory location or also in which we can write onto any memory 
location (store and read information). 

A ROM, is a memory device in which we can only read the contents 
of any memory locations but cannot write onto any memory loca- 
tion. The difference between R/W and ROM memories is that R/W 
memory is generally volatile memory unless it is battery backed up, 
but a ROM is always nonvolatile. 


System Memory and Standard Memory Devices 


The PM is available as follows: 


Primary Memory (PM) 


L 4 


System Memory Devices Standard Memory Devices 


These are specifically used for a These devices can be used with any 
particular microprocessor microprocessor or in any digital system 
without a up. 


3.3.1 Advantages of System Memory Device 


1. 


Its decoding circuit is on chip and no external decoding circuits 
are needed for memory decoding. 


. Besides memory it also contains various I/O ports and timer/ 


counter. 


. Data sheets are provided by the manufacturer of system memory 


device with 8085 up. 


3.3.2 Disadvantages of System Memory Devices 


1. 
2. 
3. 


It is not available from variety of sources. 
It is quite expensive. 
It is not available in variety of size organization and speed. 


3.3.3 Standard Memory Device 


The main advantages of semiconductor memories are as follows: 


1. 
2. 
3. 


It is available from variety of sources. 

It is less expensive. 

It is available in different sizes and capacities and can be used 
anywhere in a digital system with micro processor or without 
micro processor. 


The disadvantages of semiconductor memories are as follows: 


1. 
2. 


External hardware circuits are needed for memory decoding. 
It is relatively or slightly slower than system memory devices due 
to the requirement of external data decoding circuits. 
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3.4 Different Semiconductor Memories 


Semiconductor memories are of the following types: 


1. static bipolar RAM (R/W memory) 

2. static MOS RAM (R/W memory) 

3. dynamic MOS RAM (DMRAM or DRAM) (it is also R/W memory) 
It is just a flip-flop with cross coupled transistors. Static bipolar RAM 
and Static MOS RAM are shown in the Fig. 3.3 and Fig. 3.4 respectively. 


Ql Q2 Here 2 bipolar transistors are 


required to store 4 bit memory 


Figure 3.3 1 bit static Bipolar RAM(R/W Memory). 


Q3 Q4 
Q3 and Q4 are called load 


Q Q 
Ql Q2 


l bit static MOS RAM 


Here 4 transistors store 1 bit information 


Figure 3.4 Static MOS RAM. 


Different Semiconductor Memories 


3.4.1 Advantages and Disadvantages of Bipolar Static 


R/W Memory 


In dynamic RAM, the information is stored at the capacitor accord- 
ing to charging and discharging. 

Advantage: The main advantage of bipolar static R/W memory is 
that it is of high speed. 


Disadvantages 


1 


. It has very low packing density (Few number of bipolar RAM can 


be accommodating in a small area), that is, the space required to 
fabricate a transistor is quite large. 


. It consumes more power (as it requires high supply voltage and its 


input impedance is not large) and it requires large voltage compared 
to MOS RAM. 


. Itis quite expensive. 


3.4.2 Advantages of Static MOS RAM 


1. 


oan WN 


It has very high packing density, that is, space required to fab- 
ricate a MOS transistor is very small (as it requires high input 
impedance with high insulation at input). 


. It consumes less power. 

. Itis quite inexpensive. 

. It can be operated with smaller voltage. 

. With the advent of improved IC technology, the speed of static 


MOS RAM is even greater than static bipolar RAM. 


. MOS RAM chip has on chip decoding circuits for which no 


external decoding circuits are needed. If the decoding circuits 
are external then the speed of static MOS RAM can be further 
increased. 


In MOS technology we can have NMOS and PMOS technology. NMOS 
RAM has higher speed than PMOS RAM as the mobility of electrons 
is higher than that of holes. Mobility is defined as the drift velocity 
per unit applied electric field (E). As E of electron is less than hole 
so the mobility u is more. 
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3.4.3 Dynamic MOS RAM 


It is widely used as the primary or main memory of all recent micro- 
computer systems. Dynamic MOS RAM is shown in the Fig. 3.5. 


Output voltage 


a e V 
Sense lines transistor 
T 


The V,, is the supply voltage for this transistor. When the 
capacitor charges to a voltage 22/3 V,,, it implies that information 
1 is stored as binary 1. When the capacitor voltage is <1/3 V,,, it 
implies that information stored is binary 0. Information 0 is stored 
as binary 0. 


control lines 


Figure 3.5 Dynamic MOS RAM. 


Sense line Controlline Q C 
1 1 on charge toward 
V, > 2/3 Vo 


So, information stored is 1. 
DRAM requires periodic charging or discharging of capacitor for stor- 
ing 1 and 0 information. This is called memory refreshing of the DRAM. 
For DRAM, a memory refresh controlling circuit is used to refresh 
the capacitor periodically (The sense circuit checks whether the 
capacitor voltage is near 1 or 0). 


3.4.3.1 Advantages of DRAM 

1. Its packing density is very large even larger than static MOS RAM. 
To store 1 bit, it requires only one transistor, whereas in static MOS 
RAM it requires four transistors. 10 bits MOS static RAM requires 
40 transistors whereas 10 bit dynamic MOS RAM needs 10 transis- 
tors and 10 capacitors. 

2. It requires few standby power. 

3. Itis quite cheaper. 
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3.4.3.2 Disadvantages of DRAM 

1. It requires external memory refresh controller circuit for perio- 
dic refreshing of each DRAM cell. 

2. It is slower than static MOS RAM. (due to the capacitor discharg- 
ing or charging time) 


In a microcomputer system if the memory requirement is larger 
then DRAM is always used and for memory requirement is lower 
we can use static MOS RAM. 


3.5 Memory Organization 


By memory organization, we mean the details of various pins of a 
memory device. The number of pins for a memory device generally 
varies from 14 to 40 depending upon the capacity and organization 
of the memory device. The general block diagram of any memory 
device is as shown in Fig. 3.6. 


5V GND 
E hip Enable 
CE 
n Unidirectional address line 
Output Enable Capacity of memory 
OE 


=( ) 
Write Enable ——p 


WE 


bits memory device 


k Bidirectional data line 


La 


Few memory fresh control lines 


Figure 3.6 Memory organization. 


1. n-unidirectional address lines will give us 2” memory location 
and 
2. K gives us the number of data stored in each memory location. 
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3. CE = 0 = chip enable signal, active low when CE = 0, the memory 
device will be selected for either reading or writing. 


If CE = 1 = the memory device is not selected. 


4. OE = Output enable signal, when active low implies the reading 
froma particular location determined sign when CE = 1=> disabled 
reading/reading possible. 

5. WE => Write enable signal. 


When active low facilitates writing from a particular location deter- 
mined by n address lines. 

When WE = 1 = implies disable writing 

Table 3.1 shows various modes of operations under different situations. 
For any particular memory device 


Table 3.1 Operational table 


CE OE WE Mode of operation 
0 0 1 Read from a particular location determined by n 
0 1 0 Write onto a particular location determined by n 
1 X X High impedance state, that is, neither reading nor 
writing is possible 
0 0 0 Not used or inhibit memory 
0 1 1 Not used or inhibit memory 
1. for which K = 8, whatever may be n, we call the device as byte 


organized memory 

2. for any memory device for which K = 1, the memory device is 
called bit organized memory. Hence, realize 8 KB of memory 
by bit organized memory and byte organized memory. Find the 
number of n and K for both types of memory. 


8 Kbytes = 8 x 1024 bytes 
1 byte = 8 bits 
so 8 Kbytes = (8 x 8 x 1024) bits. 


3.6 Bit and Byte Organized Memory 


To realize the capacity of 8 KB, we must have (2” x 1) bit = (8 x 8 x 
1024) bits as K= 1024 for bit organized memory. 

2" = (2° x 2° x 2") 

2" = 216 


Different Memory Chips 


or n = 16. So we require 16 address lines and 1 bidirectional line. 
Son+K=16+1=17 pins are required for bit organized memory. 

For byte organized memory K = 8, so realize 8 KB of memory by 
using a byte organized memory we have 


2"x8=8x8x 1024 
n=13 
(n+ K) =(13+8)=21 
Pins are required. So, the cost of realization by using bit organ- 
ized memory is less. So, it is used. So, for greater memory capac- 
ity, it is better to use bit organized memory. The DRAM is a bit or- 
ganized memory. Generally, each memory location of DRAM chip is 
organized as 8 bit data + 1 bit parity (= 9 bits) 


3.7 Different Memory Chips 


Static MOS R/W memory RAM structure is shown in the Fig. 3.7 and 
corresponding Functional table is shown in the Table 3.2. 


cc GND 


CE—— 21.24 pin DIP 


( Dual in line package) n=1] address lines 


IC=6116 

OE ——+ 18 static MOS 

R/W memory (RAM) 
of 2 KByte 

WE ——b 20 capacit= 


( ) bits 
= bytes 


k=8 Bidirectional data lines 


Figure 3.7 Static MOS R/W memory RAM. 


=2 x2" bytes 

= (2 x 1024) bytes 

= 2 KB as (1024) bytes = 1 KB 
Both 6116 and 2716 are standard memory devices (when full num- 
ber of pins of EPROM is filled with data then it behaves as a ROM). 
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Table 3.2 Functional table 


CE OE WE Operating mode 

0 0 1 Read from any location 
6116 can be possibly determined by n. 

0 1 0 Write onto any location of 6116 can 
be possibly determined by n. 

1 X X High impedance state 

0 0 0 Not accepted 

1 1 


EPROM = Erasable programmable read only memory 2716 and 
6116 are pin compatible (all pins are same). The block diagram of 
2 KB EPROM is shown in the Fig. 3.8. 


GND 


CE 21 24 pin DIP - D, 
/ PGM (Dual in line package) E > k=8 Bidirectional data lines 
IC=2716 Dy 


y ©18 EPROM 


n=1] address lines 


Figure 3.8 Block diagram of 2 KB EPROM. 


3.7.1 Optical Windows 


If it is exposed to ultra violet (UV) light the EPROM is erased and 
when EPROM is erased all its locations will contain FFH. The dia- 
gram of Optical Window has been shown in the Fig. 3.9 and its cor- 
responding functional table is shown in the Table 3.3. 

Programming an EPROM means some 1s are converted into Os in 
each location—programming an EPROM is also called EPROM burning. 
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——> Pins 
Optical Window 
i] 
| 
I 
I 
1 
Figure 3.9 Diagram of optical window. 
Table 3.3 Functional table 
CE/PGM OE VPP Mode of operation 
0 0 5V Read from EPROM 
1 1 25V Program EPROM, that is, writing date to 
EPROM (when EPROM is blank) 
0 0 25V Program verify mode 
1 1 5V Standby mode (neither read nor write 
1 0 5V onto EPROM) 
Inhibit mode 


3.8 Different Types of ROM 


The classification of different types of ROM is pictorially represented 
by the Fig. 3.10. 


Different types of ROM 
ROM PROM EPROM EEPROM 
Read Only Memory Programmable i 
Read Only Memory Erasable Programmable Electrically Erasable Programmable 


Read Only Memory Read Only Memory 
Figure 3.10 Different types of ROM. 


3.8.1 Read Only Memory 


The read only memory (ROM) is a nonvolatile memory which is pre- 
pared by the manufacturer according to the users specifications. 
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A special mask is used so that its contents can be permanently stored. 
It is quite expensive due to specially prepared mask and also rela- 
tively faster. It cannot be programmed, that is, its content cannot be 
changed. They have small access times (35-1200) ns. 


3.8.2 Programmable Read Only Memory 


The programmable read only memory (PROM) is also a nonvolatile 
memory. It can be programmed only once by using a PROM pro- 
grammer. It is less expensive compared to ROM and also less slower 
than ROM. Once programmed its contents cannot be changed. 
Example for one such device PROM is 74288 (2° x 8 bits PROM). 


3.8.3 Erasable Programmable Read Only Memory 


The erasable programmable read only memory (EPROM) can be 
erased as many times required by exposing its optical window to UV 
light for 20 to 30 min. It can be programmed as many times as we 
want after erasing it. 


3.8.3.1 Disadvantages of EPROM 

1. Selective on board erasing memory location is not possible. 

2. Selective on board programming cannot be done, that is, pro- 
gramming should be sequential. Programming pins for EPROM is 
large comparing to RAM memory. 


3.8.3.2 Advantages of EPROM 

1. Available from variety of sources and with various organization 
speed and capacity. 

2. Erasing time is quite large = 20 to 30 min. 

3. It is not so expensive. 


3.8.4 Electrically Alterable PROM (EEPROM/EAPROM) 


EEPROM stands for Electrically Erasable Programmable Read-only 
memory and it is also called as EAPROM. This type of memory is 
non-volatile in nature, which store small amounts of data. 
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3.8.4.1 Advantages of EAPROM 

In this case we can selectively erase a particular location on board. 

Similarly, we can perform selectively on board programming and 

selective on board erasing requires a threshold voltage of 5 to 8 V. 
Erasing time is 5 to 10 ms and programming time is 250 us to 

1 ms for a particular location. 


3.8.4.2 Disadvantages of EAPROM 

1. It is quite expensive. 

2. It is not available from a variety of source. 

3. It is not popular as this technology is still not matured. 


3.8.5 Applications of ROM 


1. ROM can be used to realize in particular combination or sequen- 
tial logic design. 

2. ROM can be used to store the microinstructions of a control unit 

in a microprogrammed control system. 

. ROM is used for code conversion. 

. ROM is used for storing the lookup tables (as in calculator). 

5. It can be used to store the readymade subroutines or subroutine 
monitors programs. 

6. ROM can be used in the character generator to store information 
of each character to be generated on the CRT screen. This is called 
character generator. 

7. It can be used for effective emulation of other machine by micro- 
processors using the firmware approach with ROM. Dot pattern 
for each character is shown in Fig. 3.11. 

8. The ROM can be used to store data. The OS is to protect it from 
computer virus. 


De w 


0 st 000 

00 0000 8 x6 matrix here) 
0 000 or 7x5 matrix 
0go 0 Q000 

00000 Q00 


Figure 3.11 Dot pattern generation using ROM. 
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3.9 Ferrite Core Memories 


This consists of ring shaped ferrite material and magnetizing 
property of ferrite is used for storing the data. Two types of wir- 
ing are used—one for writing and one for reading or sensing cur- 
rent in the direction produce by clockwise magnetization, implies 
binary 0 (direction of lines of force is clock wise) and sensing cur- 
rent in other direction, anti clockwise magnetization implies 1. 

For reading the information, the material is also passed 
through read head and this detects whether the magnetization 
stored is clockwise or anticlockwise. Earlier it was used as pri- 
mary memory but with the advent of semiconductor memory it 
is absolute. 


3.9.1 Disadvantages of Ferrite Core Memories 


1. Itis not compatible with CPU. 
2. Special type of wiring requirement makes it rather expensive. 


3.10 Compact Disc-Read Only Memory (CDROM) 


The CDROM surface at which the information is stored is obtained 
from a resin named polycarbonate, which is coated with aluminum 
to make the surface highly reflective. The information on a CDROM 
is stored as a series of microscopic bits and these bits are formed 
by injecting highly intense laser beam to the CDROM surface to 
form the bits. Therefore, CDROM is called optical disk memory. 
The information from a CDROM is restricted by inserting it on a 
CDROM drive unit which produces low power laser beams. The laser 
beam is aimed at the CDROM surface which is rotated with constant 
angular velocity (CAV) and when the laser beam encounter a bit on 
the CDROM surface, the reflected intensity from this bit changes 
optical sensors detect the changes in the reflected intensity as digi- 
tal signal from the CDROM surface. 
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3.10.1 Main Advantages of CDROM 


1. Its capacity is huge or very large (that is, of the order of 
700 MB even more now a days) can be considered as a portable 
hard disc on which we can only read. 

2. Its mass production is easier and faster. 

3. It is flexible and portable and hence can be used as archival pur- 
pose, that is, data backup. 

4. It is very much secure, that is, data on it cannot be corrupted by 
scratch or dirt. 


Initially, the master disc is formed by striking of intense laser beam 
on the CDROM surface which creates microscopic bits. By using this 
master CD disc a die is produced from which several copies of this 
are produced (so its mass production is easier and faster). 

The reason for (4) is that the top of CDROM surface is coated 
with clear lacquer (shiny surface) to protect it from any dirt and 
scratch. 


3.10.2 Main Disadvantages of CDROM 


1. Its contents cannot be updated or changed as it is ROM. 
2. Its speed is quite slow compared to magnetic disc. 


Other types of CDROM disk are write ones read many times CD 
(WORM CD) and erasable CD, we can erase the CD, that is, it can 
change and update the contents. But it is quite expensive and its 
drive is also expensive. 


3.10.2.1 Constant linear velocity 

If we use this CD with constant linear velocity (CLV) then the 
capacity of the CD will be large as the information is stored in several 
sectors cylindrical tracks. 


3.11 ROM by Using Decoder and Gates 


The circuit diagram of ROM using decoder and gates is represented 
by Fig. 3.12 and its working is shown in the Table 3.4. 
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By using a decoder and 2 OR 
gates, we create a ROM 


B 2 to 4 line decoder 


with active 


high output 


ROM output 


Figure 3.12 ROM realization by decoder and gates. 


Table 3.4 Functional table 


0, 0, G A B Y, Y, Y, Y, 
0 0 0 0 0 1 0 0 0 
0 1 0 0 1 0 1 0 0 
1 1 0 1 0 0 0 1 0 
1 0 0 1 1 0 0 0 1 


The circuit diagram of ROM using decoder and diodes is represented 
by Fig. 3.13 and its working is shown in the Table 3.5. 


2 to 4 line decoder 


with active 


high output 


Figure 3.13 Diode ROM using decoder and diode. 


Function of 74189 RAM and 74288 PROM Chip 
Table 3.5 Functional table 
G A BY, ¥, YY, OG O, O, O, Data 
0 0 0 1 0 0 0 0 0 0 1 0001 
0 0 1 0 1 0 0 0 1 1 0 0110 
0 1 0 0 0 1 0 0 1 0 1 0101 
0 1 1 0 0 0 1 0 1 0 0 0100 


3.12 Function of 74189 RAM and 74288 PROM Chip 


The structure of 74189 RAM is shown in the Fig. 3.14 and its func- 
tional table is shown in the Table 3.6. 


to LED outputs 


WE (write enable) 
CE 
(chip enable) 


Figure 3.14 74189 RAM structure. 


Table 3.6 Functional table of 74189 R/W memory 
cE WE č A4 A, A A D, D, D D QUQU 


0 150 0 0 0 0 1 1 0 0 0 0O 1 1 
0 0>1 0 0 0 0 1 1 0 0 0 0 1 1 
1 x xX xX xX xX xXx x x x x x x xX 


74189 — 16 x 4 bit R/W memory chip to be used in the lab. 

organization = 16 x 4 bits 

=(2*x 4)n=4and K=4 

We name as such as we can read as well write on to the 64 
locations. It is a volatile memory and this can be verified by writing 
some data and then switch off and find that data is lost. 
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3.12.1 Operation 


3.12.1.1 Write operation 

The structure of 74288 PROM chip is shown in the Fig. 3.15 and 
its addressing schemes is shown in the Table 3.7. Output LED will 
not glow. 


n=5, K=8 
We can am if only once 
Programmable Read Only Memory om á 
How a ROM can be used to realize a 
PROM multiple output function 
Progam only once) 1(ABCDE)=Z(0,1 3,21 25) 
74283 tA BCD EF O1 35,7,4,11,18,19) 


TAB CDE)=Z(1 35,7,9,11 13,24,25,31) 


2°x8 bits capacity 


=G2x8) bits 


Completely specified function 
Figure 3.15 74288 PROM chip structure. 


Table 3.7 Addressing schemes 


CE WE OE| Dec| 44 A; a #4 Äg Dy DED; Dg|D3 Dy D4 Dg 
0 0O 140 00 0 0o 0o00 000011 
0 0 144 00 0 0O 40000/014111 
0 0O 14j|2 oo 014000 OO;/0000 
0 0O 14/3 00 0O 4 140000014111 


0 0 4 34 1 41 4 4 40 0 00/0109 


Method of RAM Testing on a PC 


3.12.1.2 Read operation 

In this case output LED shows the status of the output is tristate. 
The structure of 74288 PROM chip is shown in the Fig. 3.16 and its 
addressing schemes is shown in the Table 3.7. We use output D, for 
fo D, for fọ, and D, for fz. 


74280 
74280 9 bit parity 
9 bit parity 
9th bit as the 9th bit as the 
generator bit generated bit 


checker 


Figure 3.16 Method of RAM testing on a PC. 


Realization of multiple output function by using PROM, that is, 
74288 (32 x 8 bit memory) to verify programming use read opera- 
tion from any memory location: 


CE WE OE 
0 1 


3.13 Method of RAM Testing on a PC 


The PC contains primary memory. 
In any 8 bit memory ofa PC, the CPU will write 8 bit arbitrary data 
on 8 bits per RAM each location. 
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Flow diagram shown in Fig.3.17. Thus, checks the parity between 
whatever is written to whatever is read. If there is any error it is 
called RAM testing error. 


fe 
Higher order address lines 


ADy| 
(8 tit lines Which are aso 
Microprocessor ) 


AD 
R Di d address fus 


White bar|line Read barjline 


Figure 3.17 Memory interfacing by fully decoded addressing method. 


Y, = Y, => Then comparator input matches 
=> Then no parity error 
If Y,# Y, = Comparator input do not match 
match > memory parity error 
The computer will not boot until the memory error is eliminated. 
The RAM testing can be eliminated by pressing the escape key. 
While writing either use even or odd parity. 


3.13.1 Memory Interfacing 

Memory interfacing means the inter connection of more than one 
memory devices with a given microprocessor. However, micro- 
processor can access only one memory devices, when microprocessor 
try to access more than one memory devices then bus contention may 
occur which may damage the devices connected to the bus. 


Memory Interfacing by Fully Decoded Addressing 


3.14 Memory Interfacing by Fully 
Decoded Addressing 


Let 8085 microprocessor, we want to connect, one R/W memory de- 
vices 6116 (static MOS RAM, 2 KB capacity) and one EPROM device 
(IC 2716) of capacity 2 KB. 

A,-A,; > Out of 10 address lines 11 address lines are directly con- 
nected to memory devices and remaining five A,, to A,. are used to 
drive the chip, select signal for the two memory devices. 


ALE = Address Latch Enable 


ALE LE 74373 Output of 74373 
1 1 E Ao-As 
0 0 Disabled Previous address is latched. 


The Fig. 3.18 shows Memory Interfacing by fully decoded ad- 
dressing method. 


00 Y i= 
As 0 CE of 6116 
Yı can be used for future 
Y expansion 
Ajs 2 to 4 line decoder is CE of 2716 
74139 Ll. “<4 
Ay 
An 
An 


Figure 3.18 2 to 4 line decoder of 74139. 


The Fig. 3.19 shows 2 to 4 line decoder of 74139 where all the 
address lines are used. 


Aas Ay An An An Ago -.........-. Ao 
000 00 00000 0—Stat address=54A-0000H 
000 001111121 =EASV7FF H 
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Since all the 16 address buses are used, so it is named as fully de- 
coded addressing technique. 

During time interval for which ALE is high say T, s, whatever in- 
put will appear at AD,-AD, become lower order address lines (when 
ALE = 1) from A, to A, and 

when ALE = 0 AD,-AD, line is used as data lines, that is, D, to D,. The 
EPROM memory structure is shown in the Fig. 3.19. 


RW 6116 


Figure 3.19 The EPROM memory structure. 


For R/W memory 
SA = C000 H same as EPROM 
EA = C7FF H 


3.14.1 Advantages 


1. Its full address space is utilized. 

2. The memory devices can be placed continuously. 

3. Bus contention will never occur. 

4. The two unused outputs of decoder can be used for future 
expansion. 


Problems 


Problems 


NO wf 


. What are the types of memories? 
. What is the basic difference between EPROM and EEROM? 
. Why are semiconductor memories used as main memory 


and magnetic/optical medium-based memories as secondary 
memory? 


. Define secondary memory with example. 

. What is the purpose of using cache memory? 

. What are the benefits of virtual memory? 

. What are the two types of primary memory? What is the basic 


difference between them? 


. To store 10 bit of information how many transistors are 


required in case of Static MOS RAM and Dynamic MOS RAM? 


. What control signals are used in the memory device? 
. What are the main applications of ROM? 
. How many pins are required to design 8-KB bit organized 


memory? 


. How many pins are required to design 8-KB byte organized 


memory? 


. What are the advantages of CDROM? 
. What are the disadvantages of CDROM? 
. Name the resin from which the information is obtained from 


the CDROM surface. 


. Which coating is used to make the CDROM surface highly 


reflective? 


. In which form Information are stored on a CDROM? 

. What is CLV? 

. How encountering bits are detected as digital signal? 
. What is memory interfacing? 
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Chapter 4 


Timing Circuit 


4.1 Introduction 


Individual sequential logic circuits are used to design more complex 
circuits such as counters, shift registers, latches, or memories, etc., 
but to operate these types of circuits in a “Sequential” way, one 
requires the addition of a clock pulse or timing signal to cause them 
change their state. The clock pulses are generally square shaped 
waves that are produced by a single pulse generator circuit which 
oscillates between a “HIGH” and a “LOW” state and generally has 
an even 50% duty cycle, that is it has a 50% “ON” time and a 50% 
“OFF” time. The sequential logic circuits that use the clock signal for 
synchronization may also change their state on either the rising or 
falling edge, or both of the actual clock signals. 


4.2 Multivibrators 


These are devices for generating timing waveform or clock 
waveform. There are three types of multivibrators. 
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Those are 


1. astable multivibrator. 
2. monostable multivibrator. 
3. bistable multivibrator or flip-flop is a prestable multivibrator. 


4.2.1 Astable Multivibrator 


Astable multivibrators are circuits with two quasi stable states and 
it switches between its two quasi stable states without requiring 
any trigger input. They are also called free running multivibrators 
or oscillators. There is a positive feedback and this does not require 
any input and the multivibrator switches from one quasi stable state 


to the other. 


2: 6 1-8 


Figure 4.1 Astable multivibrator. 


A NOT gate based scheme is shown in circuit shown in Fig. 4.1 where 
V,(t) represents the output. 

So, the output oscillates between 0 and 1 even when the GND is 
removed. The output will change after 3t,, where t,a is propagation 
delay for each NOT gate as shown in Fig. 4.2. 


3tad Sted 


Figure 4.2 Clock pulse. 


So, by observing the waveform V, (t) on a CRO (Cathode Ray 
Oscilloscope), the frequency fof the waveforms can be measured. 


t= 1/6f 


If f is known we can find ¢,,and if we use NAND gate instead of 
NOT gate, we can find its t, To generate astable multivibrator 
waveform, by NOT or NAND gate we require odd number of NOT or 
NAND gates. If t, is very small then fis very large and the waveform 
and f count be measured accurately by the CRO. 


555 Timer 


4.2.2 Monostable Multivibrator 


Monostable multivibrator is one, which has got a single stable state 
0 or 1 that is low or high (not simultaneously 0 or 1) and it switches 
from stable state to quasi stable state when suitable trigger input 
is applied as shown in Fig. 4.3. How long it will remain in the quasi 
stable state depends upon the time constant (T,) of the monostable 
multivibrator circuit. 


-u H 
A 


Figure 4.3 Clock pulse. 


T, =RC=time constant for the circuit. So, at the time when trigger 
is applied, the stable state changes to quasi stable state. 


4.2.3 Application 


1. If we want a print out from a printer for 30 min, this can 
be achieved by using a monostable circuit whose duration of the 
quasi stable state is 30 min and the driving signal will make the 
print out for 30 min. 

2. To erase an erasable programmable read only memory (EPROM) 
chip, its optic window can be exposed to ultraviolet for say 
20 min to erase EPROM chip. The top has got an optical window 
which is used as a memory device. 


Multivibrators can be designed by using logic gates, OP-AMPs, 
discrete components like transistors, 555 timer ICs and by using 
some other ICs. 


4.3 555 Timer 


The 555 Timer IC, as shown in Fig. 4.4, is a sequential logic device. It 
has 8 pin DIP. Its input and outputs are TTL and CMOS compatible. 
Timer output to input of CMOS and viceversa & also TTL output to 
input of the timer and viceversa. 
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Figure 4.4 Block diagram of 555 timer IC. 


Figure 4.5 Internal circuit diagram of 555 timer. 


In Fig. 4.5, 


I= (V.</3R) 
Vier = 1 (2R) = (Voc/3R) * (2R) = u Vec 
Ver2 = I (R) = u Vec 


Two comparators C, and C, are connected in the circuit. The output of 
each comparator depends on both inputs. That is the output of C, is 1 if 
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threshold voltage > V,,,,, otherwise, the output is 0. Similarly, the output 

of C, goes high with V p > trigger voltage. In the S-R flip-flop, R and S 

cannot be simultaneously 1. So, C, and C, cannot be simultaneously 1. 
555 timer can be operated in two modes: 


(i) astable mode 
(ii) monostable mode 


4.3.1 Astable Mode Operation 


Vee 


Ra=100KQ 
Output 


Ra =100KQ 


i Olu 


0.01mr 


Figure 4.6 555 Timer as astable multivibrator. 


The arrangement in Fig. 4.6 shows the reference voltage to the 
comparator is used to vary the timing characteristics of the signal 
generated electronically at output pin number 3 by applying a 
control voltage at pin number 5 that is at the same V,,,, input of 
comparator 1. When the external control voltage is not used, this 
pin is to be connected via a 0.01 uF capacitor to ground to reduce 
the power supply ripples and noise or power supply noise voltage. 
The capacitor used is the bypass capacitor. 

Applying an input <0.4, the reset input which is independent of 
other conditions can clear the output of S-R flip-flop. So, Clr = 0, when 
reset input <0.4 V and Q=0. If we do not want to clear the output of S-R 
flip-flop by using small reset input then the reset input is connected 
to V..=5 V. (B-E voltage is removed. Biased, collector current is high, 
reset = Clr input is high, F/F is now enabled with S-R inputs). 

We use this timer IC in laboratory to generate a square or 
rectangular waveform. The load is connected between 3 and Voc 
or between 3 and GND. The waveform at output 3 is asymmetrical 
square wave. The Ry Rẹ Cand C, are to be connected externally. 

Let us assume initially, that Q = 1 and Q = 0. Hence, Q, will be 
off under this condition. The electron cannot go in the direction of 
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pin number 7 and under this condition the capacitor C will charge 
exponentially towards V, with R, and R, and with a time constant 
proportional to (R, + R,) C. As capacitor charges, V, (say) increases. 
When V, becomes greater than 2/3 V.o the output of the comparator 
C, (shown in Fig. 4.5) is 1, where R= 1 and S = 0. This will switch 
the flip-flop to Q = 0 and Q= 1. As Q =1, this saturates the transistor 
Q,. Now, the voltage of the capacitor will not discharge along pin 
number 7. The capacitor will stop charging but it now discharges 
via R, and Q, with discharging time constant = R,C because when 
transistor is ON, its resistance is ideally 0. 


So, Tire = RC a Ry (4.1) 


bt: 


As V, decreases and V, < 1/3 Vœ this makes C, = 1 and C, = 0 and 
S= 1, R = 0. So, Q = 1 and Q = 0 and again the earlier conditions 
are repeated without requiring any trigger pulse. This goes on for 
infinite period of time and as a result at the pin number 3 we get a 
continuous waveform as shown in Fig. 4.7. 


Capacitor 
discharging 


Capacitor chajging 
x I 


0 

— |} —+— h —+— 1 4 —pt 
Figure 4.7 Waveform of astable multivibrator. 
Here T, = Charging time constant and 


T,= Discharging time constant 
The charging and discharging time intervals are given by 
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T,=0.7 (R, +R) C 
and T, = 0.7 R,C 


So, the output of the timer is an asymmetrical time waveform. 
For charging a capacitor, charging equation of R-C circuit is 
V= Vec ( 1 = ea /ER gt R,) ) 
At t= t, V= u Vog = Veg (1—7 Pat R) co (4.2) 


or, 1—e lB Ry) = 2 
or e 4 /ER gt Ra) = 2 
Att=t, V= p Vy (4.3) 


2 
£) = 1 — emte/CRa + Ry) 
c 


e—t/C(Ra + Ry) = 1 


Ww 


elt + t,)/C(R, + Ry) — 2 
elt, — t) = 
C(R, +R,) 
t-t =T 
t -t 
So ——=————=In2 
c(R, +R,) 
T, is the time interval during which output is high 
T, = 0.693C (R, + R) 
T, = 0.7C (R, + R,) (4.4) 


For discharging the capacitor C from a voltage V,,, 


Att=t, 


Sot (4.4a) 
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At t=t, V2 


Lp ay ame (4.4b) 
3 Ci 


c cc 


M 


Dividing (4.4a) by (4.4b) we have, 


2 = eltts-t WR 


t; - t, = T,= off period of the timer output 
t, - t = on period of the timer output 
So t, - t, = In 2CR, 


T,=0.7 CR, (4.5) 


As T, # T, so the generated square wave at the timer output is 
asymmetrical. 


: T, _ 0.7(R, +R,)C 


Duty Cycle = - — = 
Total time period T, +T, 0.7(R,+2R,)C 


R, +R 
So the duty cycle =| ——— 
R, +2R, 


A 


ina | R tR, 46 
duty cycle = ern x 100 (4.6) 
B 


To make the generated waveform periodic, connect a diode D 
parallel to R,. 
Under this condition, T, = 0.7C (R, + Rẹ) 


T, =0.7R,C > charging time 
T, = 0.7R,C — discharging time 


So, as the diode is reverse biased, if we make R, = R, and T, = T, then 
we will get a symmetrical square wave frequency of unsymmetrical 
square wave as 


a 1 
T,+T, 0.7(R,+2R 


) (as Ri = R =R) 


Frequency of unsymmetrical square wave is 
1 (4.7) 
0.7(2RC) 


555 Timer 


4.3.1.1 Generation of symmetrical waveform using 

J-K flip-flop (without using diode) 
The circuit connection and symmetrical waveform representing 
how symmetrical waveform is generated using the diode is depicted 
in Figs. 4.8 and 4.9 respectively. 


Q= O(initially) 


Unsymmetrical 
Square wave 


Figure 4.8 Negative edge triggered J-K flip-flop with the asymmetrical 
wave form as the pulse input. 


Unsymmetric 
square wave 


fg=2t 


Symmetric square wave is created by useing J-K F/F 


Figure 4.9 Output of the J-K flip-flop. 


4.3.2 Monostable Mode Operation 


The circuit connection and output of symmetrical wave form created 
by J-K flip flop are depicted in Fig. 4.8 and Fig. 4.9. 


Voc=5V 


output of monostable 
multivibrator output 


Charging 
path 


Figure 4.10 A monostable multivibrator with 555 timer. 
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Let initially Q = 0 and Q = 1. Under this condition the transistor Q, 
is on (refer to Fig. 4.5). 

Now capacitor is under full discharge condition. If trigger input 
is high, as C, = C, = 0. So R=S=0. This makes Q = 0 and Q = 1. That 
is the output of timer is at stable state 0. 

If a negative going trigger is applied at pin number 2 then C, = 1 
and C, = 0 and that makes S= 1 and R= 0 for which Q = 1 and Q=0, 
that is the timer output switches from stable state 0 to quasi stable 
state 1. 

As Q = 0, transistor Q, is off and the capacitor gradually charges 
toward V,., via R and C with time constant RC. 

When V, is > 2/3 V., then C, = 1 and C, = 0. This makes R = 1 and 
S=0 for which Q=0 and Q =1and thus, the timer output returns to 
the stable state 0 from quasi stable state 1 and thereby the capacitor 
C discharges quickly through Q, transistor. The charging will take 
more time than discharging time which is small. When negative 
trigger is applied, the output of timer changes from 0 stable state 
to 1 state and depending on the RC time constant it states at 1. The 
output waveform of monostable multivibrator is shown in Fig. 4.11. 


Trigger 
Input 


duration of quantization state depends 
upon the product RC stable 


Figure 4.11 Waveform of monostable multivibrator. 


We have not used the control voltage until now. But if the control 
voltage signal x(t) is used and a time varying capacitor voltage (Vy) 
is applied with respect to a fixed V „then variation of V changes V 
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and pulse width also changes and at the output, we get a frequency 
varying pulse width (on time and off time pulse width will vary) and 
duration of quasi stable state (T,) is 0.7 RC. 


4.4 Monostable Multivibrator Using Logic Gate 


1 Vat) 


Figure 4.12 Monostable multivibrator using NAND. 


In the circuit shown in Fig. 4.12, the capacitor discharges from 
5V to OV if the trigger input is high and thus, the stable state 
output V,(t) is high or logical 1. As negative edge trigger appears 
at input of NAND gate, the output of NAND gate is high = 5 V. But 
capacitor will take time to charge. The equivalent circuit is 
represented by Fig. 4.13. 


y 

Ta E 
c 

iA 

Trigger é 


Figure 4.13 Equivalent circuit of monostable multivibrator using NAND gate. 


5V=V,+V, 


or at t= 0+, 5 V = 0 + V} (NOT output is 0 and NAND output is 1) 
Now V, rises and reaches V, max then V, will fall to 0 and so output 
of NOT gate is 1 and NAND gate is 0. 

Here the charging time constant = 0.7 RC 


The equivalent output waveform is shown in Fig. 4.14. 
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Figure 4.14 Output waveforms. 


4.5 Generation of Timing Waveform 
Using OP-AMP 


Figure 4.15 OP-AMP. 


For an OP-AMP (shown in Fig. 4.15), the output is represented as 
V =A (V, - Vi) (4.8) 


where 
A = Gain of the OP-AMP 
V, = Noninverting voltage and 
V, = Inverting voltage 
Ideal OP-AMP characteristics are as follows: 


1. infinite gain 
2. infinite bandwidth 
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3. infinite common mode rejection ratio 


CMRR = P=A,/A, 
= (Differential gain/common mode gain) 
4. infinite input impedance 


5. zero output impedance 

6. Very good slew rate 

Generally, A has negative high value: 
V,=+ve or +V, 


Sat 


V = -ve or -Voa 


OP-AMP requires dual supply voltage (V+ and V-) 

If the supply voltage of the OP-AMP is +15 V, V,.,, is generally +2 
volt lesser than the supply voltage 

Hence, for supply voltage = +15 V 


+Veq=15-2=13V 
-V,,,=-15+2=-13V 


Just by using the output, we can compare the magnitudes of V, 
and V,. 


4.5.1 Generation of Symmetric Waveform 


V+=(+15)V rectifier 
Vi=VmSinot da AN Output 


Ii —9o eS A vað | 
FEA > 
= lv V-=(-15V) 


Vi=input Voltage 


Figure 4.16 Generation of timing waveform. 


In the circuit shown in Fig. 4.16, a sinusoidal wave is applied to 
the inverting input of the OP-AMP and the non-inverting terminal 
is grounded. The output signal swings from +V „to -V „as shown 


sat sat 
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in Fig. 4.17. The output of the OP-AMP V, is then connected to a diode, 
which acts as a rectifier which can be clearly seen in Fig. 4.16. The 
output of the rectifier (Shown in Fig. 4.18) is represented as V,(t). 


ha A 
a Sot aa a oe 
Vole ot J a 


13V=Logical1 


-13=Logical 0 


Figure 4.17 Output waveform prior to the rectifier. 


yj) 
13v 
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Figure 4.18 Output of the rectifier. 


The reverse diode circuit connection and its corresponding 
waveform are shown in Figs. 4.19 and 4.20 respectively. 


AOAC) 


Figure 4.19 Generation of the timing waveform with reverse diode 
connection. 
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Figure 4.20 Output waveforms. 


4.5.2 Generation of Asymmetric Waveform 


Here sinusoidal signal is applied to the noninverting node and a 
constant voltage of 2 V is applied to inverting terminal. This circuit 
is a comparator, which compares both the inputs and produces the 
output signal V as shown in Fig. 4.22. 


Vit) V(t) 


av 


aR 


Figure 4.21 Generation of waveform without the diode. 
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Figure 4.22 Asymmetric waveforms. 


4.6 Registers and Types of Registers 


Register is a sequential device, which can be used for storage of 
binary information or through which the binary information can 
be shifted either toward right or toward left. As we know a single 
flip-flop can store 1 bit of binary information, a suitable cascade of 
n such flip-flops can be used to store n bit of information. Register 
can also be considered as a memory device. Counter always passes 
through some specific states (not Haphazard States) with the arrival 
of the clock pulse. But unlike counter, the register does not pass 
through some specified sequence of states except in some special 
purpose registers. 

There are different types of register or shift registers (data 
in register can be shifted either to the right or left, not both 
simultaneously). 


. serial in serial out shift register (SISO). 

. serial in parallel out shift register (SIPO). 

. parallel in parallel out shift register (PIPO). 
. parallel in serial out shift register (PISO). 

. bidirectional shift register. 

. rotate right shift register. 

. rotate left shift register. 


NOM BWN RP 


All seven operations can be verified by using a single IC chip with 
mode select inputs. 


Registers and Types of Registers 


4.6.1 Serial In Serial Out Scheme 


The number of bits shift depends on the number of flip-flops used in 
the particular shift register as shown in Fig. 4.23 (Example for four 
flip-flops for 4 bits). 


Paes “—* oe a shift left register 


=a es e ee a 
CELE LF [F Pausun (=F T= Paan 


Figure 4.23 Serial in serial out scheme. 


4.6.2 4 Bit Serial In Serial Out Shift Register 


The shift register shown in Fig. 4.24, is designed with four D flip- 
flops connected in series. The external input is connected to 
D, (input of the first flip-flop) and the final output is taken at Q,. 
Application of the pulse at the clock input shifts the data bits from 
left to right. 

Initially, all the outputs of flip-flops are set to 0 by applying 
Clr,= 0 and Pr,= 1 where i= 0, 1, 2, 3. 


=1 Pral Pral Prl 


output 


clock 


Figure 4.24 4 Bit SISO. 


Table 4.1 Shifting of the input bits through the application of pulses 


Clk SI data at D, Q, Qi Q, Q; 
0 1 0 0 0 0 Initial condition 
1 1 1 0 0 0 0 is output 
2 0 1 1 0 0 0 is output 
3 1 0 1 1 0 0 is output 
4 0 1 0 1 1 0 is output 
5 0 0 1 0 1 1 as first serial output 
data from Q,. 
6 0 0 0 1 0 
7 0 0 0 
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To complete 4 bit serial in serial out operation we require 2 x 4=8 
clock pulses. The serial in serial out is a very slow operation. Last bit is 
delayed by 8 clock pulse, next-to-last bit by 7 clock pulses, and so on. 
The shifting operation has been shown in tabular form in Table 4.1. 


4.6.3 Serial In Parallel Output 


1 f 
serial input data Do Qo D, Q 
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Figure 4.25 4 Bit SIPO. 


In SIPO register shown in Fig. 4.25, the input data bits are shifted 
serially through the upper four D-flip-flops and parallel through lower 
four flip-flops after each pulse. After 4th clock pulse, 4 bit serial in data 
appears at the output of 4 flip-flops. The 4 bit serial in parallel operation 
is completed in (4 + 1) clock pulses. This is a much faster operation than 
SISO. So n bit serial in to parallel out operation is completed in (n + 1) 
clock pulses. After the 4th clock pulse the output is available in parallel. 


4.6.4 Parallel In Parallel Out Operation 


This is the fastest data transmission technique as it requires only one 
clock pulse and the time for parallel data transfer is independent of 
the of the number of bits transferred in parallel as shown in Fig. 4.26. 
So, for 4 bit PIPO operation to be completed we require 1 clock pulse. 
For n bit PIPO we also require 1 clock pulse. However, communication 
between two computers to transfer the data (8 bits), we require eight 
such wires and for longer distance between them, longer wires are 
required. So, this scheme is not economical. All long distance data 
transfer is taking place through SISO (though it is time consuming, 
hardware cost is less). 
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4 bit parallel input 


Qo Q; Q3 Q3 


4 bit parallel output 


Figure 4.26 4 Bit PIPO. 


The circuit shows a 4 bit PIPO shift register, where the inputs A to 
D are connected parallely to all the four D flip-flops. After triggering 
the first pulse at the pulse end we can get all the 4 bits simultaneously. 

The ABCD input data have to be held constant to get the same 
output (by attaching switches). 

The PIPO operation is shown in the table below (Table 4.2) 


Table 4.2 Truth table 


0 1 0 1 1 0 0 0 0 Initially by Pr,=1 
and Clr=0 


So there is only a delay of T sec of the time period of 1 clock pulse 
(which is very fast can be considered negligible.). 


4.6.5 Parallel In Serial Out 


The above design, as shown in Fig. 4.27 is a 4 bit PISO shift register. 
The whole operation of the circuit is control by the shift/load pin. That 
is at a time the circuit can perform either loading data bits or shifting 
the data bits. The shifting operation is done with the help of the AND 
gates 1 to 3 and loading is through the AND gates 4 to 6. In this circuit 
the input bits A to D appears at output after 1 clock pulse. 


LOAD/SHIFT = 0 = Parallel data in to parallel data out operator. 
= 1 = Gives serial shifting of 4 bit parallel data to the 
right through the successive flip-flop. 
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LOADISHFT 
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Figure 4.27 4 Bit PISO. 


When clocks are applied the data are successively shifted from the 
output of one flip-flop through the output of the next flip-flop. 
This operation is described below in Table 4.3. 


Table 4.3 Shifting of the input bits through the application of pulses 


Sr. : 

no, OP A A, A, A A ABCD UUO Q 
0 0 D E D E D E 1 3 1 i! 0 0 0 0 
1 1. E D E D E D F 0. t. S t 0 1 1 
z 1 E D E D E D 1 Oh 41. 1 f 0 1 1 
3 ol: E D E D E D 1 O 1 X 1 1 X 0 
4 1. E D E D E D 1 0 cA 1 1 1 1 1 
5 1 E D E D E D 1 0 1 1 1 1 1 1 


For 4 bit PISO to computer we require 1 + 4 = 1 + 4 = 5 clock 
pulse. For an n bit PISO, we require (n + 1) clock pulses. This is a 
right shift operation. To convert it to left shift we have to reverse 
the connection toward left and serial output data is obtained from Q,. 


4.6.6 Bidirectional Shift Register 


aL 1T iIi ū 
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Figure 4.28 4 Bit bidirectional shift register. 


Registers and Types of Registers 


The above Fig. 4.28 shows a bidirectional shift register. 
Here, left/right is the control input. 

DSR = Right shifted serial input data. 

DSL= Left shifted serial input data. 

Right shift operation occurs when left/right control input is 1. We 
get right shift operation from Q, toward Q, and the final right shifted 
serial out data will be obtained from the output of Q,. 

When left/right = 0, we get left shift operation from Q, toward Q,and 
the final left shifted serial data will be collected from the output of Q,. 

When left/right = 1, we get A,, A, A, A, are enabled and A,, A, A, 
A, are disabled. Under this condition, the bits applied at DSR will 
successively arrive (1101) at the input of each flip-flop through AND 
gate A, and OR gate where j= 1, 3, 5, and 7 and with each clock pulse 
the successive serial input data at DSR input will pass toward right 
from the output of one flip-flop to the input of succeeding flip-flop. 
This gives serial right shifting of DSR. 

In the left shift operation, left/right = 0, and A,, A,, A, and A, will 
be enabled. These gates help to pass the bits left from output of one 
flip-flop to the input of succeeding flip-flop. Since, the serial data bit 
appears at the output at last flip-flop after 4 Tsec, so, for an n bit 
bidirectional shift register the first serial data appears at the output 
of last flip-flop after n Tsec, where n = number of flip-flops and 
T= clock period. 

So, this scheme can be used as a delaying mechanism. Pr and Clr 
should be connected to 1 to enable the flip-flops. A change in the 
output of flip-flop is in synchronism with clock pulse. 


4.6.7 74194 IC (4 Bit Universal Shift Register) 


This IC, shown in Fig. 4.29 is called 4 bit universal shift register 
IC because using this we can perform all types of shift register 
operation such as 


. 4 bit SISO operation 

. 4 bit SIPO operation 

. 4 bit PIPO operation 

. 4 bit PISO operation 

. bidirectional shift register 
. rotate right 

. rotate left 


NOM SP WN PR 


225 


226 


Timing Circuit 


It has four synchronously operated D-type flip-flops with active 
high clock. 


i lt QJ ki 
Vec 
16 pin DIP 
4 bit universal S-R 
74194 
+ve edge triggered 
GND 
Clock pulse 
MR 5, Sg DSRDSL Py P) P, Pa 


Figure 4.29 4 Bit universal shift register. 


Here S, and S, are called mode controlling inputs, MR is the master 
reset input, DSR is the serial input data for right shift DSL is the serial 
input data for left shift, P, P, P, P, are 4 bit parallel inputs and Q, Q, 
Q, Q, is the 4 bit output and CP is clock pulse. 

The mode select operation of universal shift register is described 
in the Table 4.4. 


Table 4.4 Mode select table for 74194 


MR S S, DSR DSL P, P, P, R Qa Q Q Q, 


0 X X X X X X X X 0 0 0 0 Output Cleared 


1 0 1 1 X X X X X 1 P, P, P, Rightshiftoperation 
P, out 

1 0 1 0 X X X X X 0 P, P, P, Rightshiftoperation 
P, out 

1 1 0 X 1 X X X X P P, P, 1 Left shift Operation 
P, out 

1 1 0 X 0 X X X X P č P, P, 0 LeftshiftOperation 
P, out 

1 1 1 X X P, P, P, P, P, P, P, P, Parallel Load During 
+ve edge 


1 0 0 X X X X X X Q@Q Q Q Q,; change 
With clock pulse > 
Output Holds. 


Rotate right connection of IC 74194 and its corresponding truth 
table is shown in Fig. 4.30 and Table 4.5 respectively. 
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16 pin DIP 

4 bit universal S-R 
74194 

+ve edge triggered 


Figure 4.30 Rotate right connection of 74194. 


Table 4.5 Truth table 


Clk DSR Qo Q, Q, Q; S, So R 
0 1 0 1 1 1 0 1 1 
1 1 1 0 1 1 0 1 1 
2 1 1 1 0 1 0 1 1 
3 0 1 1 1 0 0 1 1 
4 1 0 1 1 1 0 1 1 


4.7 Ring Counter and Johnson Counter 


Shift registers can also be used as shift register counters, such as 


1. ring counter. 
2. Johnson counter or switch tail ring counter. 


4.7.1 4 Bit Ring Counter 


Figure 4.31 4 Bit ring counter. 
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In the circuit shown in Fig. 4.31, all the flip-flops connected serially and 
the last flip-flop’s output is connected as the input of the first one. So 
it does not require any external inputs and the content of the flip-flops 
shift like a ring with the application of clock pulse. All the clock outputs 
cannot be set to 0 initially. So, for ring counter, initially we set only one 
output of flip-flop to logical one. Clock is applied simultaneously. 

The corresponding truth table is presented in Table 4.6. 


Table 4.6 Truth table of ring counter 


Clk Dy Qo Q, Q, Q; 


0 0 1 0 0 0 
1 0 0 T 0 0 
2 0 0 0 1 0 
3 1 0 0 0 1 
4 1 1 0 0 0 


To realize Mod 4 ring counter, we require four flip-flops which 
are uneconomical, as generally for Mod 4 counter we require two 
flip-flops. 


Disadvantages of Ring Counter 


1. Uneconomical use of flip-flops to realize a counter of definite 
modulus. 

2. We cannot start with initial state with all zeroes (Output change 
cannot be detected). 


Advantages 


1. No decoder is required to read the count as for the ring counter 
only one output is 1 at a time. 
2. It is quite faster in operation. 


The first disadvantage of a ring counter can be overcome by using a 
Johnson counter or a switch tail ring counter. 


4.7.2 Johnson Counter 


Johnson counter can be designed by connecting the output Q, to 
the input D, as shown in Fig. 4.32. As the feedback is taken from 
the tail of the cascaded connection (Q,), it is also called switch tail 
counter. 


Multiplexer as a Parallel In Serial Out Register 


clk 


Figure 4.32 4 Bit Johnson counter. 


The operation can be summarized by the truth table shown below 
in Table 4.7. 


Table 4.7 Truth table of Johnson counter 


Clk D, Qo Q, Q, Q; Q; 
0 1 0 0 0 0 jl 
1 1 1 0 0 0 1 
2 1 a 1 0 0 1 
3 1 1 1 1 0 1 
4 0 1 1 1 1 0 
5 0 0 1 1 1 0 
6 0 0 0 1 1 0 
T. 0 0 0 0 0 0 
8 1 0 0 0 0 1 


4.7.2.1 Advantages 
1. Decoding is easier. 
2. Faster in operation. 


4.8 Multiplexer as a Parallel In Serial 
Out Register 


Multiplexer can be used as PISO converter and demultiplexer can 
be used as SIPO converter as shown in the following Figs. 4.33 
and 4.34 respectively. The operations can be understood from the 
corresponding truth tables (Tables 4.8 and 4.9 respectively). 


fi 
0 
4 bit parallel g ij 
inputs i i 
T See 4 serial out 
1, 


tor” 


Clock 


Counter K— 2 bit (mod-4) counter 


Figure 4.33 4 Bit parallel in to serial out converter using 4 : 1 multiplexer. 
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Table 4.8 4 Bit parallel in to serial out 
conversion using 4 : 1 multiplexer 


Clk Q, Q, 

0 0 0 h=1 
1 0 1 1,=0 
2 1 0 L=1 
3 1 1 L=1 


Serial Input 
Data 


Clock 
Mod - 4 Counter 


Figure 4.34 4 Bit serial in parallel out converter using 1 : 4 demultiplexer. 


Table 4.9 4 Bit serial in to parallel out conversion using 1 : 4 


demultiplexer 

S, So 
Clk Qi Q, Serial data input Y, Y; Y, Y; 
0 0 0 1 1 X X X 
1 0 1 0 X 0 X X 
2 1 0 1 X X 1 X 
3 1 1 1 X X X 1 


After every four clock pulse, we get the output as 1011. 


4.9 Application of Register 


All computers accept data parallely and output data parallely. One 
way to communicate between them is to draw 8 bit parallel lines. 


Application of Register 


ata 


P to 
initially arallel 


onverte: 


a i Serial eG 


data /|Computer 
2 


Devicel Device 2 


Figure 4.35 Connection between two computers. 


But the parallel lines will be much costly as distance is very large, 
but there is single line transmission in the region “x”. This is the 
essence of serial transmission. The interfacing devices are called 
universal asynchronous receiver transmitters (UART). 


4.9.1 Advantage 


Hardware complexity is less. 


4.9.2 Disadvantage 


These devices are also called universal synchronism asynchronous 
receiver transmitters (USART) and by using USART, the data 
transmission has much higher speed and the cost is also less. 
Delayed serial transmission. 

The device 1 and 2 are Intel 8251 USART. 


4.9.3 Applications of Registers 


1. Registers are used as a temporary data storage device in a 
microprocessor based system. 

2. Registers can also be used as a status indicator ina microprocessor 
based system. The status indicator in microprocessor can perform 
only logical or arithmetic operation. The carry generation, parity 
will be reflected by the status indicator. 

3. It can be used to generate time delays. 


Set of registers can be used as a stack memory which are organized 
in a last in first out (LIFO) [(LIFO) that is the data, which is stored or 
inputted last can be retrieved first] manner as explained in Fig. 4.36. 


4. The right shift and left shift registers are used to perform binary 
multiplication and division by repeated addition and shift and by 
repeated subtraction and shift, respectively. 
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01010101=55 Hexadecimal next data 


p314 
8-bit 
register 


Figure 4.36 The LIFO scheme. 


5. The SIPO shift registers and PISO shift registers are used 
for a long distance serial transmission between two remote 
computers. 

6. Shift registers can be used to generate several shift register 
counters such as ring counter and Johnson counter or switch tail 
ring counter. 

7. Shift registers can be used to realize a moving display. 

8. Shift registers can be used to scan the keyboard in a keyboard 
encoder (in the keyboard encoder matrix). 


4.10 Design of a Sequence Generator 


It is a system or device which generates a prescribed sequence of 
bits in synchronism with clock pulses as can be seen in Fig. 4.37. 
Applications of sequence generator: 


1. It can be used as counter. 
2. It can be used as frequency divider in a timing circuit. 
3. It can be used for code generation. 


+ 
periodic 


Figure 4.37 Prescribed sequence of bits like a periodic waveform. 


Design of a Sequence Generator 


Let us consider, a prescribed sequence of 4 bits—1101, 1011, 0111, 
1110, and we get each sequence at the output of different flip-flops 
(Fig. 4.38). 

Let us represent 1101 by several pulses. 


Same 
1011 paten 
1 |4 e 4 4/4 0 1 4 


Figure 4.38 Pulse representation of 1101 sequence. 


So, at the output of one flip-flop this pattern is repeated after 
regular interval of time that is after 4 Tsec. The 1101 and 1011 
are the same sequence, but one is delayed with respect to the 
other by a time Tsec. Again 0111 is another pattern and again 
1110 is the last pattern. So, for same sequence, we can have four 
patterns which are the outputs of a sequence generator. The basic 
structure of a sequence generator using D-flip-flop is shown in 
Fig. 4.39. 


Combinational logic 


Figure 4.39 Sequence generator using D-flip-flops. 


Here, D, =f (Q, Qy --, Q,) 

If a prescribed sequence is of length S then such sequence can 
be generated from minimum number of N flip-flops using the 
relationship. 

S < 2™-1, where N is the minimum number of flip-flop required 

Let, for a sequence 1101 that is S= 4. 

4<2"-1 

If we take N= 2 then 4 < 3 (not satisfied) 

If N=3 then < 2°-1>4<7. 

So, minimum number of flip-flops required is 3. 
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Table 4.10 Sequence generation using D-flip-flops 


Qı Q, Q; D, Decimal 
1 1 0 1 6 
1 1 1 0 7 
0 1 1 1 3 
1 0 1 1 5 
1 1 0 1 6 
1 1 1 0 7 
0 1 1 1 3 
1 0 1 1 5 
1 1 0 1 6 
1 1 1 0 vi 
0 1 1 1 3 
T 0 1 1 5 


After every four clock pulse, we get the same sequence. 


D, =f (QQ) 
From the state transition table (Table 4.10) for a sequence 
generator D, = 0 for Q,Q,Q,=111 and 


D;=1 wheninputis 3, 5, 6. 


D, =f (Q; Q, Q3) 
= [IM (7) + d(0, 1, 2, 3, 4) 


Thus the K-map representation of D, is given in Fig. 4.40. 
0, 


3 00 01 11 40 


Figure 4.40 Karnaugh map representation of D}. 
D,=Q, +Q; +Q; 
=Q; Q Q; 


4.11 Error Detection and Correction Codes 


Methods— of Error Detection and Correction: 


1. parity check error detection scheme. 
2. block parity error detection and correction code (BPED and CC). 
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3. Hamming code. 
4, checksum scheme. 
5. cyclic redundancy code. 


4.11.1 Parity Check Error Detection Scheme 


Through this scheme one extra bit is added to the four bits of 
information. This is one bit error detections scheme using horizontal 
parity. 

The scheme is described pictorially in Fig. 4.41. 


Transmitting end Reeiving end 
Tx added bit Rx 
0101 | 9——= 0101 0 Reeived carry 
1011 | 1———— > 10111 , - 
1110 | 1» 11101 , x 
0111 


1———— 11111 , inorrect 
transmitted party 
of 4th massage is odd 


Figure 4.41 Parity check error detection scheme. 


If T and R, parity are not identical then R, informs T,to transmit to 
same message again. However, if the received message has two bit 
error then the parity error cannot be detected. So, multiple errors 
cannot be detected. The immunity of digital system is greater than 
analog system, hence, the probability of error is small that is of 10°. 
This particular method is effectively used and thus is used in the 
memory testing in computer. 


4.11.2 Block Parity 


This uses horizontal and vertical parity and can detect error as 
well as select bit error. In BPED (Block Parity Error Detection) and 
CC (Correction Code) these messages are transmitted as a matrix 
of rows and columns, and to each row and column one extra bit is 
added so, that all the rows and columns must have either even parity 
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or odd parity. This scheme is briefly represented in the following 

Fig. 4.42. 

Transmitting end ( Tx ) Receiving end (Rx) 
01011 
01101 
01100 
11110 
01110 


00101 


0101 10<—row parity ok 
011010 row parity ok 
011001 row parity ok 
111001 row parity not ok 
001011 Horizontal parity ok 


pà | pi pmi jd D O 


Figure 4.42 Block parity scheme. 
4.11.3 Hamming Code 


This is a distance 3 code and it can detect and correct one bit error. 
The minimum distance between two successive Hamming codes 
differ at least by 3 bit and hence, it is called distance 3 code. Here 
dain = 2t + 1, where t is the number of errors that can be corrected 
and d „n is the minimum number of bits by which two successive 
numbers (when encoded into Hamming code) differ. 


Example for 


if dun =3 
3=2t+1 
2t=2 
t=1 


Like that if d n = 7 then t=3 

if dain = 5, then t= 2, and so on 
In Hamming code, K number of information bit is encoded into an 
n bit code (when n > k) and in each n bit Hamming code there are 
(n-k) = m number of parity bits. 


If M, ... M,M, =n bit Hamming code 


The K parity check bits in an n bit Hamming code will occupy the 
positions 1, 2, 4, 8, 16... upto 2%! 


M, M, M; M, M, M, M, M, Check sum 
The parity bits depend: 
GLL C, L C, C — parity check bit C, upon the 


number of information bit. 


L 
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We can encode K information bits into n bit Hamming code using 
either even parity or odd parity. If we use even parity to determine 
all C, C, Cy C,,...and so on. parity should be unique. 


If we use even parity in Hamming code then to determine C, we 
must have 


M, ®© M, ® M,® M, ® M, ® M, ®...=0 
and M, ® M, ® M, ® M, © M, ® M,, ® ...=1 for odd parity. 


M,, M, M, are inserted in the information bits and 
C,O1,01, 01,01,=0 


So, if L, L, L, 1, are known then we can find out C,. Like that C,, C, 
and C, can be calculated as 


C, = (M, ® M,) ® (M, ® M,) ® (M,, ® M,,) ®...=0 

C, = (M, ® M, ® M, ® M,) @ (M,, ® M,, ®M,, D M,,) ® ...=0 

C,=(M, ® M, ® M,, ® M,, ®M,, ® M,; ® M.,  M,,) © (M,, ® ...) 
=0 


Example: Encode a string 10101 into Hamming code having odd 
parity. 


M, M, M, M, M; M, M, M, M, 

bliditlidd 

I, C, L I, I, C L C, C I, L I, L L 

1¢010CG16G66¢ 10101 
To find C, 


M, ® M, ® M, © M, ® M, = 1 (condition) 
C,O1,01,01,01,=1 
C,©@10808001=1 
C,=1 


To find C, 


M,®M,®M,®M,=1 
C,@1,01,81,=1 
C,@161@0=1 
C,=1 


238 | Timing Circuit 


To find C, 
(M, © M, ® M, ® M,)=1 
C, ®L®L®L=1 
C,80081860=0 
C,=0 
To determine C, 
M,® M,=1 
C,O1,=1 
C,@1=1 
C,=0 
Now inserting all the bits in place of M,, M,, M,, M,we have 
M, M, M, M, M; M, M, M, M, 
1 00100 1 1 1 =9bit Hamming code 


So, 5 bit message is encoded into 9 bit Hamming code (9-5) bits = 4 
parity check bits checksum. 


T, 9 bit Hamming code Ry 
M, M, M, M, M; M, M, M, M, 
100100111 > 000100111 
T 


bit in error. We take here that 
only 1 bit error occurs at the 
receiving end (MSB) 
So, to detect the error in the receiver also, we have to test the parity 
error check for C, C, C, C, as is done in T, to find C, C, Cz, Cy 
To check for C, at receiver we must have: 
M, ® M, ® M, ® M, ®M,=1 
LHS=191909090=0#71 
Since there is an error, take C, = 1 as M, is the position for C,. 
Rule: If there is an error take that value of C as 1; otherwise take 
it as 0. 
To check for C, 
M,® M, ® M, ® M,=1 
L.H.S=1919190=1 
as there is no error for C, so denote C,= 0 
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To check for C, 
M,®M,® M,® M,=1 
0®00100=1 
As there is no error for C, so, C,=0 
To check for C, 
M,® M,=1 
LHS=0@®0#1 
So, error in C, and C,=1 
Now C,=1, C,=0,C,=0andC,=1 
C, C C, C, 
1 0 0 1=9 decimal equivalent = that 9th bit in the receiver is 
incorrectly received. So to correct error change 9th bit from 0 to 1 
or from 1 to 0 whatever it may be. 


4.11.4 Checksum Method 


Let we want to transmit the four messages as 


Message Ty 
M, 01010 
M, 10101 
M, 01110 
M 10001 


Find checksum of messages = M, ® M, ® M, ® M, ®...=00000 
Along with each transmitted message, the checksum of all the 
messages are also transmitted. 


Ry 
— 01010 
—> 11101 Atthe receiver end also the receiver 
checksum is calculated. 
— 01010 
— 00001 


11100 < receiver checksum 


T 
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The receiver checksum is now compared with the transmitted 
checksum. If received checksum = transmitted checksum then there 
is no error. So, checksum method can be used for multiple error 
detection but it does not have the capability of correcting the error. 
This is used where the probability of error is very small. [It is used to 
detect the condition of EPROM (whether blank or filled)]. 


4.11.5 Cyclic Redundancy Code 


In cyclic redundancy code (CRC), the transmitted bit sequence is: 


T, 


X 


Series data + CRC data data + CRC data 


R 


X 


The transmitted CRC is compared with the R, CRC and if they 
match then there are no errors. If they do not match then error 
is there. 


4.12 Display Devices 


Now we discuss about display devices which are adjacent parts of 
digital electronics. 
There are two types of display devices. 


1. light emitting diode (LED)/laser injection diode (LID) 
2. liquid crystal display (LCD) 
4.12.1 Light Emitting Diode (LED) 


If we forward bias the diode, light is emitted. In gallium arsenide 
some energy is required to create electron hole pairs. 


© CB (Conduction Band) 


hole ‘YB (Valence Band) 


Figure 4.43 Energy band. 
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At very low temperatures semiconductor behaves as insulator 
and all the electrons occupy the valence band. But if we supply any 
external energy, the “e” is raised to conduction band as shown in 
Fig. 4.43. This vacancy of “e” is called a hole. So, to create electron 
hole pair some external energy has to be supplied. If electron 
and hole recombine with each other, energy will be released or 
liberated. Any energy liberated will not give light unless it falls 
in the visible range. In Ge or Si electron hole pair recombines 
through traps and hence, the liberated energy goes into the crystal 
as that and no light is emitted. But in gallium arsenide and some 
other semiconductor devices, the electron and hole can directly 
recombine and the liberated energy in a p-n junction diode is in 
the infra red range which is invisible (higher wavelength, lower 
frequency side). But by using suitable coating or coloring of the 
junction (p-n) the infrared is converted into visible light. When 
LED is forward biased as can be seen in the circuit representation 
of LED in Fig. 4.44, some electrons move from VB to CB and after 
that they recombine to emit light. 


L 


+ 5y 


R=300 ohm 


Figure 4.44 Forward biased diode. 


4.12.1.1 Advantages of LED 

1. Can be operated with low voltage of the order of 1 to 2 V. 
2. Fast on-off switch. 

3. Wider operating temperature. 

4. TTL and CMOS compatible. 

5. It is visible in dark. 

6. It is available in wide variety. 
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4.12.1.2 Disadvantages of LED 

1. consumes more power 

2. draws large current of the order of mA 
3. It cannot be given variety of shape. 

4. Difficult to fabricate 


This emission efficiency of LED depends upon the injection current 
and lowering of temperature. If the emitted light is coherent (light 
wave has the same state of polarization and phase) in source p-n 
junction diode then it will be called injection laser diode. 


4.12.2 Laser 


It will be really an incomplete discussion if we do not explain 
laser here. Hence, a brief account of laser is given here to satisfy 
the readers. But for a complete look it is advised to go through a 
specific to laser (Light wave amplification by stimulated emission 
of radiation). The resistance R is required to protect the diode from 
excessive current. So, R is called the limiting resistance which saves 
diode from over current and overheating. 


4.12.3 Liquid Crystal Display (LCD) 


The LCD is made up of liquid crystal filler (10 to 12 microns or 
0.005 inch) and is sandwiched between two glass plates. The two 
glass plates are grooved and the grooves in the two glass plates are 
perpendicular to each other. When liquid crystal filler is pressed 
it takes a rod shape. Spiral staircase configuration and this special 
nature of liquid crystal rotate light or cause polarization effect. 

The LC technology is possible due to the following facts: 


1. The ability of the crystal to polarize light (as crystal is a 
piezoelectric substance, it obstructs vibration along certain 
direction and allow vibration in certain direction). 

2. The orientation of the crystal can be changed by applying 
electrostatic field. 


The LCDs are of two types: 


1. dynamic scattering type. 
2. field effect type. 
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4.12.3.1 Dynamic scattering type 

In this type the LC molecule scrambles whenever electric field 
is applied (the molecules between two plates come closer). This 
produces etched glass looking light characters against dark 
background. 


4.12.3.2 Field effect type 
It was polarization to absorb light and it produces dark character 
against silver gray background. 


front end of the glass plate 


~ MZZL Segment 


rear end of the glass plate (back side) 


Figure 4.45 Structure of field effect type LCD devices. 


The rear end of the glass plate is coated with transparent 
conducting material. This rear end of the glass plate is called back 
plane. The front end of the glass plate is called segment after giving 
the particular shape of the character is also coated with same 
transparent conducting film. When a voltage is applied between a 
segment and the back plane, an electric field is created in the region 
under the segment. This electric field changes the transmission 
of light through the region under the segment film. To activate a 
LCD display, it should be driven by segment driven signal which is 
2-3 volt square wave in the frequency range 30 to 150 Hz. When 
a segment is not activated that is off it reflects light and hence 
invisible against background (the segment is activated or not 
activated depends on the decoder driver code). When a segment is 
activated it does not reflect light (but absorbs light) and appears 
dark and visible against background. The TTL is recommended for 
LED but not for LCD because when TTL output is low it may damage 
the liquid display device. The reason for this is that LCDs rapidly 
and irreversibly deteriorate if a steady DC voltage of about more 
than 50 mV is applied between the segment and back plane. So, for 
LCD we have to drive it via CMOS logic as low state of CMOS is less 
than 50 mV. 
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Y 
1 
back plane drive signal back plane 
+Y 
Yi 
¥ 
2 
-V 


Figure 4.46a Operation of field effect type LCD. 


In Fig. 4.46a since there is a voltage difference between V, and V, 
electric field is not equal to 0 and then segment will be activated. To 
prevent DC buildup on the segments, the segment drive signals for 
LCD must be a square with a frequency of 30-150 Hz. 


Segment 
XOR V5 
T a 
CMOS 
-V 
back plane T 
V4 
Vv. 

2 


Figure 4.46b Operation of field effect type LCD. 
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Here, in the Fig. 4.46b, V, and V, are same and in phase so no 
electric field and thus the segment will be off not activated. 


4.12.3.3 Advantages of LCD Over LED 

1. It consumes very less power (CMOS). The MOS can be operated 
with very small voltage, less power input. 

2. LCDs are thinner and lighter. 

. It is cheaper. 

4. It can be given variety of shapes as the segment region is coated 
with the desirable character shape (even alphabets). 

5. It is easy to fabricate. 

. It draws a very small current of the order of nano ampere. 

7. It does not suffer from radiation hazards. 


Ww 


OV 


4.12.3.4 Disadvantages of LCD 

1. It is not visible in dark. But LED is visible in dark since it emits 
light. 

2. TTL is not recommended for LCD. 

3. Smaller operating temperature. 

4. Resolution of LCD display is not very good. 


Problems 


1. Which kind of circuit can be used to change data from special 
code to temporal code? 

2. How many states does a ring counter consisting of five flip-flops 
have? 

3. In which code does the successive numbers differ from their 
preceding number by single bit? 

4. Shifting a register content to left by one bit position is equivalent 
to which mathematical operation? 

5. The group of bits 11001 is serially shifted (right-most bit first) 
into a 5-bit parallel output shift register with an initial state 
01110. After three clock pulses, the register contains 

6. Assume that a 4-bit serial in/serial out shift register is initially 
clear. We wish to store the nibble 1100. What will be the 4-bit 
pattern after the second clock pulse? (Right-most bit first.) 

7. Which error detection method uses one’s complement 
arithmetic? 
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. In a linear block code, the 


. Which error detection method consists of just one redundant 


bit per data unit? 


. In cyclic redundancy checking, what is CRC? 
. In cyclic redundancy checking, the divisor is 
. To guarantee the detection of up to 5 errors in all cases, 


the CRC. 


the minimum Hamming distance in a block code must 
be 


of any two valid codewords 
creates another valid codeword. 


. What is the role of the variable resistor and capacitor? 

. The 555 timer has a DIL layout. What does DIL mean? 

. How many types of multivibrator circuits are there? 

. Define Monostable Multivibrator. 

. What is the practical use of astable multivibrator? 

. Define Register. How many types are there? 

. List the applications of 555 timer in monostable mode of 


operation. 


. List the applications of 555 timer in Astable mode of operation. 
. Mention some applications of 555 timer. 


Chapter 5 


Logic Family 


5.1 Introduction 


In less than four decades the advances in microelectronics shows 
the rapid growth of the digital integrated circuit (IC) technology 
from small scale integration (SSI) through medium scale integration 
(MSI), large scale integration (LSI), very large scale integration 
(VLSI) to ultra large scale integration (ULSI). Now the technology 
is tending toward giant scale integration (GSI), where millions 
of gate equivalent circuits can be integrated on a single chip. The 
reliability of the use of ICs has improved because of reduction of 
power consumption, cost, and overall size of the digital systems. 
The only drawback of the ICs is that they cannot handle very large 
voltage and electrical devices like transformers, inductors, and so on 
that cannot be implemented on chips. The ICs are fabricated using 
different technologies like RTL, TTL, ECL, CMOS, and so on. 
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5.2 Logic Parameters 


The important parameters by which one can choose a digital IC 
(combinational and sequential) are as follows: 


1. propagation delay 

2. power dissipation 

3. speed power product 
4. noise margin 

5. fan-in and fan-out 


5.2.1 Propagation Delay 


The difference in interval of obtaining an output in response to an 
input of a logic gate is known as propagation delay (Fig. 5.1). Speed 
of a gate is determined by the propagation delay t,,. Smaller is the 
propagation delay (¢,,) greater is the speed. High speed and low 
speed gate can be chosen on the basis of ta 

There are two types of propagation delay: 


Figure 5.1 The diagram of propagation delay. 


ta — This is defined as the time interval between the reference 
point of input and output signal (of logic gate) when the output changes 
from high to low state reference point is taken at time in both input and 
output signal at which input or output is 50% of its maximum value. 

Similarly when output changes from low to high state again there 
is a propagation delay. 

tau, — This is defined as the time interval between the reference 
point of input and output signal (of logic gate) when the output 


changes from low to high state. 
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In general tan, # Gaus 

If tau. = tpa then propagation delay can either of the two tan 
OF than: 

If tau. # Gain, then propagation delay (tpa) = Chau if Cau > tparn = Spain 


if tan > Cant: 


5.2.2 Power Dissipation (Pd) 


Power dissipation (Pd) of a logic gate is defined as the power 
required by the gate to operate with 50% duty cycle at a specified 
frequency and the Pd can be determined as the product of supply 
voltage V., and average supply current I... 

So, power dissipation = Vgc Tec 


5.2.3 Average Supply Current 


Here leq, is the supply current of a gate when its output is low and 
Icy is the supply current of a gate when its output is high. 
Tec, > kece (Fig. 5.2) (as the differences in potential matters) 


Figure 5.2 The diagram of NAND gate. 


So, the average supply current (lec) 


L 


CL + Lace 


2 


For example, for digital circuits using 50 gates and each having 
I= 2 mA and supply voltage = 5 V. 
Then the power dissipation (Pd) = (Vex 50 x I.) 


=(5x50x2x 107) 
= 0.5 watt 
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Total Iç for 50 gates = 50 x 2 mA = 100 mA. 

If the digital circuits need current for 2 hr then average ampere 
hour of the battery (100 x 10° x 2) = 0.2 Ah. Unless, the battery has 
got this much of ampere hour that battery cannot supply to a digital 
circuit (unit is Joules/sec or watt). 


5.2.4 Speed Power Product (SPP) 


Speed power product of a logic gate is specified by the manufacturer 
as the product of propagation delay and power dissipation at a 
particular frequency ( f.). It is specified from a particular frequency, 
if f. is changed. 


So SPP = (ta x Pd) f= f, 
When we want to compare two gates 


(SPP) cater = K at f= f 
(SPP)are = K, at f=f. K, > K, 


So, 2nd gate is desired as it has less toa and less Pd. 


5.2.5 Fan-In and Fan-Out 


Fan-in is defined as the number of independent inputs that the gate 
is designed to handle without hampering its normal operation. 

For example: A three input NAND gate has got a fan-in of 3. 

A 13 input NAND gate has got a fan-in of 13. 

Fan-out also known as the loading factor of a logic gate is defined 
as the number of loads that the output of a gate can drive. 


5.2.6 Noise Margin 


In digital circuits, the circuit’s ability to tolerate noise voltages at 
its inputs is called noise immunity. A quantitative measure of noise 
immunity is called noise margin. 

Noise margins are of two types: 


i. DC noise margin 
ii. AC noise margin 


Resistor Transistor Logic (RTL) 


The DC noise margin of a logic gate is a measure of its noise immunity 

that is its ability to withstand voltage fluctuations at the input ofa log- 

ic gate without deviating from the specified output. Common sources 

of noise are variations of the DC supply voltage, ground noise, mag- 

netically coupled voltages from adjacent lines and radiated signals. 
Let for a logic gate 


V,, = low level input voltage 
Vin = high level input voltage 
Vo, = low level output voltage 
Vou = high level output voltage 


For example, if Vj, may = 0.5 V then input voltage < 0.5 V represents 
logic 0 input and if Vy min) = 4 V then input voltage 2 4 V represents 
logic 1 input. So, it operates with discrete set of voltages. 

For TTL these parameters are same, but these may vary with 
different logic family like CMOS. 


Noise margin can be divided into two different categories 


(i) Low state noise margin 
(ii) High state noise margin 


Low state noise margin = Vy (may — Vou (max) 
High state noise margin = Voy (min) — Vin (min 
Low state noise margin is the difference between the largest 
possible low output and the maximum input voltage. High state 
noise margin is the difference between the lowest possible high 


output and the minimum input voltage required. 


5.3 Resistor Transistor Logic (RTL) 


The NOR gate is the basic circuit of RTL logic (Fig. 5.3). The above 
circuit is a two input NOR gate. Here, each input is applied through 
one resistor (400Q) and one transistor. For operation of this circuit 
two logical levels are selected as 5 V (logic 1) and 0.2 V (logic 0). 
If any one input (either X or Y) or both the inputs are high then 
the output goes low. But if both the inputs are low then both the 
transistors are cut off. Hence, the output approaches to Vee which 
represents logic 1. The propagation delay of the RTLis 25 ns and the 
power dissipation is about 12 mW. 
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600 ohn 


Figure 5.3. Two input NOR. 


5.4 Diode Transistor Logic (DTL) 


This above circuit functions as three input NAND gate (Fig. 5.4). 
Let, anyone input is low (V, = 0.2 V) then the diode D, will be 
forward biased and voltage at P will be 


|,=source current 


Sink current 


Figure 5.4 Three input DTL. 
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V = Vaa + V, = 0.7 + 0.2 = 0.9 V 
To saturate transistor Q we require a min voltage at 


P= Vp, + Voz + Vor sat 
=0.7 + 0.7 +0.8 
=2.2 V 


But as V, = 0.9 V (which is less than 2.2 V). So, transistor Q will be at 
cut off and the output voltage V, = 5 V (logical 1). 

When all the three inputs are high that is logical 1 then all the 
input diodes D, D,, Dg are reversed biased. Then voltage at P will 
rise toward V, = Vẹ = 5 V but the voltage at P will clamp at 2.2 V 
and transistor Q will saturate. Thus, when all inputs are high, output 
voltage rises toward Vgs that is V, = 0.2 V (logical 0). Hence, it acts 
like NAND gate. 

Since, the circuit contains diode and transistor it is called DTL logic. 


5.4.1 Calculation of the Minimum Forward Current 
Ratio (h,._._) for Transistor Q 


When all the inputs are high, voltage at P (V,) = 2.2 V. So currents 


fe min 


v-v X 
re Ve f 5-22 2E AEE mA 
1 5K 5 5 


I a Viisat _ 
? 5 


Applying Kirchhoff’s current law at point B 


0.8 
5x10° 


| =0.16 mA 


I,-[,-[I,=0 
I,=1,- 1, 
=0.56 mA - 0.16 mA 
= 0.40 mA (base current for the transistor) 


When Q is saturated during all inputs high then the saturated 
collector current 
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=2.18 mA 


I Yoo ~ Versa |_ (5— 0.2) _ 4.8 
CQ Sat 2.2K 2.2 22 


hyp) 2 Leg Sat 
ii, =| 2 Esas 
min 0.4 


Use of the two diodes D, and D, gives us greater noise margin. When 
at least one input is low, V, = 0.9 V. In that case, if only one diode 
either D, or D, is used then to saturate Q with single diode at point 
P it requires minimum voltage (0.7 + 0.8 = 1.5 V). 

So, V4, = (1.5 - 0.9 V) = 0.6 V 

But with the introduction of second diode, the noise margin and 
the voltage requirement at P to saturate Q becomes 0.7 + 0.7 + 
0.8=2.2 V 

So, with both the diodes V,, = (2.2-0.9) V = 1.3 V. 

Hence, the noise margin increases. 


5.4.2 Noise Voltage with Negative Polarity 


To find the fan-out of DTL gate let the output DTL drives N similar 
load gates. When the output of Driver DTL is high, the input diode 
of load DTL gate is-ve biased and thus, the driver source a small 
reverse saturation current to each DTL load. When the output of the 
driver DTL gate is low then the driver sinks a current I from each 
DTL load gate, because as when V, is low, the input diode for the 
load gate is forward biased. This current is sink current defined by 
the driver and this sink current is greater than the source current 
as sink current arising due to the forward bias and source current 
due to reverse bias. So, DTL is called the current sink logic (reverse 
case of RTL). 

The sink current will add to driver saturation current. Thus, the 
total collector current through the driver when driver output is low 
and drives n similar DTL load will be 

k 


Teqsat + NI (1) 


total 


(for N loads) 
Sink current from each DTL load is 
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Vee —Vy -Vesa _ 5—-0.7V-0.2V_ 4.1 


CESat 


5K 5K 5 


From Eq. (1) kota = 2-18 + N x 0.82 
As hy (1p) 2 Te rota, and J, = 0.4 mA, for saturated Q 


[= = 0.82 mA 


h, x 0.4 >2.18+ 0.8 N 


12—2.18 
0.82 


} 11.97 =12 


For a high gain transistor h,, = 30, 


<. 30 x 0.4 = 2.18 + 0.82 N. 


5.4.3 Propagation Delay 


When the output of the driver is high (that is V, =~ 5 V) and the input 
diodes of the load provides a reverse bias capacitance C,. 


Figure5.5 The circuit diagram of discharging path. 


The capacitor will charge and the charging time constant is (2.2 x 
Cx N) if there are N such loads. When voltage V, goes from low to high 
state, capacitor will charge and this shows propagation delay is quite 
large. During high to low state of output C, discharges (Fig. 5.5). The 
discharging time constant is (N x C, x Rsg), where Rsg is the saturation 
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resistance of the transistor Q. To increase N, we can increase h,, by 
changing transistor, and also by increasing /, of the same transistor. 


5.4.4 Modified DTL 


Va=SV 


Load 


Output of driver 
sink current 
Figure 5.6 The circuit diagram of modified DTL. 


The above modified DTL circuit (Fig. 5.6) is used to increase fan-out 
of DTL gate. The diode D, in earlier circuit is replaced by another 
transistor Q, due to which, the /, will increase for Q,. 
Applying KCL at Q, 
Ty -la~ Ig = 
L =la + Ton 
L= hy, X [51 + Igi 
L =(1+ hy) lz 


0 


When, all the inputs are high then voltage at P = V, = 2.2 V 
Applying KVL 


Vio - Vp = (4x 1.75 + I, x 2K) 
5-2.2 =(1 + hş) lp X 1.75 +2 x lp 
if hę = 30 
2.8 = [31 x 1.75 + 2] x Ip, 
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2.8 


z= = 0.05 mA 
31x1.7542 


Now /,=(1+h, )lgi 


I, = (31 x 0.05) 


=1.543 mA 
When Q, is saturated 
y 
p= = 98 _ 0.16 mA 
5K 5 
Applying KCL at Base of the Q, 
I, -I,,-1,=0 
I. = (1, - 1) 
Iy = (1.54 - 0.16) 
Iy = 1.38 mA 


Hence, the presence of the transistor Q, gives a better base drive 
circuit. 
Sink current 
Voc ie see ai 5-0.7-0.2 


l= = mA=1.09 mA x 1.1 mA 
3.75K 3.75 


For N DTL load= N x 1.1 mA =1 


1total 


Vec ~ Versat 
Ieg sat = F> =2.18 mA 
Total collector circuit for Q, 


I 


C total 


=] 


CQ2 Sat 


+NI=2.18+1.1 N 


As he (s2) Lee, 
(30) (1.38 mA) 2 (2.18 + 1.1 N) 


N= 30x1.38-2.18 
1.1 


= 35.65 
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So, the fan-out increases by more than three times (Fig. 5.7) and also 
base circuit increases more than three times. 


Y y wire AND Logic (connecting by simple wires) 


QWE 


Y=Y M> Y=1,if Yı =Y 1 
Y=0, if any input=0 


Figure 5.7 The circuit diagram of wire AND logic. 
5.5 High Threshold Logic (HTL) 


It (Fig. 5.8) is used in industry using motors, high voltage switching 
circuit to provide greater noise margin. The power supply is 
increased from 5 to 15 V and resistances are increased to make 
circuit in each branch equal. 


Yoc 715V 


This will behave as a +ve 


NAND gate 15K 


3K 


(6.9+0.7+0.8) 


when all 3 inputs 
are logical 1 


Figure 5.8 The circuit diagram of HTL. 
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5.6 Transistor Transistor Logic (TTL) 


This is the fastest saturated logic gate family. During saturation, 
some charge is stored in the base region and when the transistor is 
again charged we have to remove the stored base charge, which is 
removed fastest in TTL. The TTL (Fig. 5.9) is a modified version of 
DTL, which gives greater fan-out, greater noise margin and smaller 
propagation delay than DTL. 

The TTL is obtained from DTL logic family by 


(i) replacing input diodes by multiple emitter base junction of the 
transistor Q, 
(ii) replacing the diode D, by the base collector junction of the 
same transistor Q, 
(iii) replacing the diode D, by base emitter junction of another 
transistor Q, 
(iv) representing the transistor Q by transistor Q, 


Inintegrated circuit, multiple emitter junctions are there on single 
base multiple emitter transistors. There are three diodes connected 
in the emitter base junction of the transistor. 


unit TTL load 


Clamping diodes 
z 5 two back to back diodes 
Transistor Q 


Figure 5.9 The circuit diagram of three inputs TTL NAND gate. 
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When all the inputs are high all E-B junctions are reverse biased. V, 
rises toward 5 V and it is clamped to 2.1 or 2.2 V and this V, is (0.8 + 
0.7 + 0.7) sufficient to saturate Q, and Q,. So, V, is low (logical 0). In 
this condition the collector voltage of Q, is 


Ve, = V» = (0.8 + 0.8) 


= (Voez sat + Voes sat) 
=1.6V 


When any input become low then the E-B voltage of Q, is 0.2 V 
and under this condition E-B is forward biased and C-B junction is 
reverse biased. Thus, the transistor Q, operates in the active region 
and that makes Q, and Q, cut off. 

Hence, the output voltage goes high (logic 1). Since, the collector 
current of Q, is very large which removes the stored base charge 
from Q, and Q, faster. Thus, Q, helps Q, and Q, to come out of 
saturation point. 

For high output, each TTL offers a load capacitance C,. When 
V, = 1 (Q, is off) C, will charge by a time constant = R, C, and 
when the output goes from high to low C, discharges by a time 
constant = C,R,,93;. To reduce propagation delay we have to reduce 
charging time constant to reduce Rẹ But if R. is reduced then large 
current will pass through R, and can damage Q,. 


Vac = Voltage across R; = (Vec - Ver sat) (5.1) 


So, reducing R, will increase power dissipation and Q, may be 
damaged. So, to reduce the charging time constant, the output circuit 
of TTL should be modified and the modified output circuit is called 
Totem pole output configuration. 


5.7 Totem Pole (TTL) 


The circuit shown in Fig. 5.10 is a three input TTL NAND gate, where 
Q, and Q, are connected in Totem pole fashion. At any time one of 
them will be conducting that is when Q, and Q, are saturated Q, is off 
and when Q, and Q, are off Q, is on. 
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— Totem Pole 


Figure 5.10 Totem pole TTL. 


The charging time constant of the C, = (100 Q + Reg, + Resp) Cp 
where R,gn is forward bias resistance of diode. Since, R saturation 
of Q, and R,, are very small, C, is fixed. So, time constant reduces. 
When Q, and Q, are on: 


Veg = Vga = Vers sat + Vers sat 
=0.24+0.8 
=1V 


If the diode is not present 1 V is sufficient to forward bias Q,, but 
with presence of diode this is not possible as (0.8 + 0.7) > 1 V. Load 
capacitance charges when Q, and Q, are off. With this condition 
Vip = Vea, = 5 V which clamped at (1.5) V = (0.7 + 0.8) V. This voltage is 
sufficient to saturate Q, and forward bias D and hence the capacitor 
charges. The clamping diodes protect the E-B junctions against 
excessive forward bias which may damage Q,. Totem pole output gives 
active (as transistor is an active element) pull out and the previous are 
given passive pull out as RC pulls the output from low to high state. 
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5.8 Open Collector Output 


This is one type of TTL (Fig. 5.11) where the transistor Q, and the di- 
odes are not connected. In this TTL gate in order to get the proper high 
and low logic levels an external pull up resistor is connected to the V,, 


=5V 
Voc 


Re=4K 


- 2 
Clamping 
diodes for 
preventing 


Vo Open collector output 


excessive -ve 
inputs 


Figure 5.11 Open collector of TTL. 


from the collector terminal of the Q, The open collector connection 
is much slower than the Totem pole connection. The speed of open 
collector circuit can be increased only a little bit by selecting smaller 
resistance. 


5.8.1 TTL Families 


74S00 — Schottky TTL 

74LS00 — Low power Schottky TTL 

74ALS00 — Advance low power Schottky TTL (it will never be 
driven into saturation) 

74H00 — High power TTL 

7400 — Normal TTL 


Wire and Logic for Open Collector TTL 


5.8.2 Advantages of Totem Pole Output 


1. fast switching time 
2. low power dissipation 


5.8.3 Disadvantages of Totem Pole Output 


1. large current spike during switching from low to high state 


5.9 Wire and Logic for Open Collector TTL 


Two or more open collector outputs of TTL gate can be directly 
connected to get AND logic and this is called wire AND logic (Fig. 5.12). 


5u 


C 


E 


¥5=CDE 


Figure 5.12 Wire AND connection of open collector gate. 


A common R, is connected to both the output of both NAND gates. 
This type of wire AND logic is impossible in Totem pole output and 
for this we have to slightly modify the circuit. The added transistor 
Q, is called active pull up output Q, and Q, are ON, Q,, and D are off. 
This will reduce the charging time constant. 


263 


264 | Logic Family 


5.9.1 Modified Totem Pole Circuit 


Vec=5V 
TP Output! 
A 
B 
$ 
E 
TP Output2 
Figure 5.13 Totem pole output configuration of TTL. 
TP outputt 
S 
B # 
Y 


mon 


TP output? 


Figure 5.14 Wire AND connection of Totem pole gate. 


Figure 5.15 Current flow in Totem pole connection when wire ANDed. 
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In Totem pole circuits (Fig. 5.13) for some period of time, when 
output switches from OFF to ON heavy current may pass (30- 
50 mA) through so the transistors (Fig. 5.14) may be damaged. So, 
two Totem pole outputs for TTL cannot be inter connected to realize 
wire AND logic (Fig. 5.15). 


5.10 Tristate TTL Inverter 


It is called tristate TTL, because it allows three possible outputs 
(HIGH, LOW, and HIGH impedance-high Z). It utilizes both the To- 
tem pole and open collector advantages i.e high speed operation of 
Totem pole and wire ANDding of open collector configuration. In 
the high Z state both the transistors of the Totem pole arrengement 
are turned off, so the output terminal is a highimpedance to V,, or 
ground. The Tristate inverter is shown in the Fig. 5.16. Where two 
inputs are there, one is A which is the normal input and the other 
one is the enable input E that can produce high Z. Table 5.1 shows 
the truth table for tristate inverter. 


Figure 5.16 Traditional symbol of tristate inverter. 


Table 5.1 Truth table for 
the tristate inverter 


E I Y 


1 0 1 
1 1 0 


0 x High Z 


When E = High, the circuit operates like an inverter as a normal in- 
verter because high voltage at E does not put any effect on Q, and 
Q,. Hence, in this condition this circuit behaves like an inverter. But 
when the E goes low it forward biases E-B junction of Q,. So, Q, turns 
off, which in turn makes Q, off. This low £E also forward biases the 
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Single State input 
of inverter 
A be m 


E \/ pD Totempole 
Enable input output 
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Device 


Figure 5.17 Tristate TTL inverter. 


diode to shunt current away from the base of Q}. So, Q, also goes off. 
Though both the Totem pole transistors are at off state, the output 
terminal is now open circuited (Fig. 5.17). 


5.11 QUAD D-Type F/F with Tristated Output 
(74LS373) 


LE = Latch enable input. 
OE = Output enable input. 


P outputs with Tristated condition 
data output 


OE 


LE 


Figure 5.18 QUID D-Type F/F with tristated output. 
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20 Hex at input = 20 H at output in case 1 

30 Hex at input = 20 H at output in case 3 

This (Fig. 5.18) is used for time division multiplexer for lower and 
higher order. The truth table is shown in Table 5.2. 


Table 5.2 Truth table for the QUID D-type F/F with tristated 


output 

LE OE Data input Data output 

1 0 New data input Output = new data input 

1 1 X High Z 

0 0 New data Previous data at the output 


5.12 Integrated Injection Logic (IIL) 


This is the new logic and is popular in LSI and VLSI circuits. It is 
also otherwise known as current injection logic. These logic gates 
are constructed using only BJTs. It is not suitable for discrete gate 
ICs. Like TTL and MOS no transients are produced in IIL, because in 
IIL the currents are constant. 


5.12.1 Advantages 


1. low power consumption. 
2. easily fabricated and economical. 


5.12.2 Disadvantage 


It requires one more step in its manufacturing process than those 
used in MOS. 


5.12.3 IIL Inverter 


Figure 5.19 shows an IIL inverter where two BJTs are used (one PNP 
and one NPN). The Q, serves as a constant current source which in- 
jects current to node P. When the input is low, injected current flows 
into input diverting current from the base of Q, which makes Q, OFF. 
Hence, the output goes high (V,-logic 1). If the applied input is high 
then that makes Q, ON by diverting the current toward the base of 
Q, which makes the output low (logic 0). 
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input 


Figure 5.19 The circuit diagram of inverter. 


5.12.4 IIL NAND and NOR Gate 


Vcc 


Figure 5.20 IIL NAND. 


IIL as NAND (Fig. 5.20) and NOR (Fig. 5.21) gates are shown here. 
In NAND a simple inverter is presented with two inputs. When 
either X or Y or both are low then the injected current flows into 
the inputs resulting the transistor Q, OFF. So the output goes high 
(logic 1). If both the inputs go high then that makes Q, ON. Hence the 
output shows logic 0. 

In the second circuit two inverters are used separately and their 
outputs tied together. If both or any one input is high then the 
corresponding transistor goes ON. So the output is logic 0. If both the 
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output 


Figure 5.21 IIL NOR. 


inputs are low then both Q, and Q, go OFF. Hence, that results high 
(logic 1) output. 


5.13 Emitter Coupled Logic (ECL) 


$300 Ohm 


300 Ohm 


o VO] (NOR) 


1.5 K Ohm 


VEE=-53V 


Figure 5.22 Emitter coupled logic circuit. 


270 | Logic Family 


The configuration given here in Fig. 5.22 is called ECL, because the 
BJT's that are coupled at their emitters. The basic configuration of 
ECL is a differential amplifier configuration with Q, and Q. Here 
emitters of Q, Q,, and Q, are coupled through R, and the current 
flowing through R, is the combinations of all three transistors. That 
is total current = I, = I.) + lgo + [gq Which is held constant. So it is 
also known as current mode logic (CML). In ECL none of the tran- 
sistors are driven to saturation and the collector side is grounded 
and emitter to V,, to reduce noise voltage. All the transistors are 
operating either in the active region or in the cut off region. In ECL 
both the inputs V, and V, are given negative. Two logical levels of the 
input voltages selected as 


(i) logic 1 (-0.8 V) 
(ii) logic 0 (-1.7 V) 


The truth table is shown in Table 5.3. 
Table 5.3 Truth table for the ECL 


V,(V) V,(V) Q, Q: Q Vor Voz Va Voz 


0 0 OFF OFF Active (as transistor 1 0 1 0 
will never saturate) 

0 1 OFF Active OFF 0 1 0 1 

1 0 Active OFF OFF 0 1 0 1 

1 1 Active Active OFF 0 1 0 1 


NOR operation OR operation 


The functions of emitter follower in ECL are as follows: 


(a) Itprovides necessary voltage level shift to generate proper ECL 
logic level at the output of emitter follower 


Vor + Vpr sat = Vea 
Vor = Ver - Vor sat) = Ver - 9-8) 
Voz + Vor s= Vez 
Voz = Veo - Vee sat 
Vaz = (Voz -0.5) 


(b) Since the emitter follower has low output impedance of the 
order of 7 Q it gives greater fan-out as well as small charging 
time constant (at least 25). 


V satisfies NOR and V,, satisfies OR logic. 
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5.13.1 Characteristics of ECL Logic Family 


1. It is the fastest unsaturated logic having minimum t,a = 1 ns as 
none of the transistors is driven into saturation. 
. All its voltage levels are negative. 


N 


Logic 1=-0.8 V 
Logic 0 = -1.7 V 


Ww 


. It provides two complementary output that is OR and NOR output. 
Its power dissipation is nearly 25 mW, which is comparable with 
TTL logic. 

. Worst case noise margin is 250 mV = 0.25 V which is small and 
hence, ECL logic is not suitable in industrial environment. 
Fan-out of ECL = 25 (which is fairly high as emitter follower out- 
put stage gives small impedance). 

Since, the current through R, is fairly constant independent 
of logic state so drainage current through supply voltages are 
not much. 


D 


ical 


D 


q 


13.2 Advantages of ECL 


It provides minimum propagation delay. 
The stray capacitances can be quickly charged and discharged 
because of high currents and low output impedances. 


5. 
1. It is the fastest unsaturated logic. 
2: 
3. 


5.13.3 Disadvantages of ECL 


The ECL input and output are not electrically compatible for direct 
connection with any other logic family (as the inputs of other logic 
family are positive). 


5.14 Wired-OR Connection of ECL Logic 


Figure 5.23 shows an IIL inverter where two BJTs are used (one PNP 
and one NPN). Q, serves as a constant current source which injects 
current to node P. 
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Figure 5.23 Wired-OR connection of ECL logic. 


5.15 Wired-OR MOS Logic Family 


The MOS logic family uses metal oxide semiconductor FET, 
which are unipolar that is either N-MOS or P-MOS field effect 
transistor. 

The MOSFET are of two types: 


1. enhancement type MOSFET. 
2. depletion type MOSFET. 


Enhancement type MOSFET represents a nonconducting channel 
between drain and source. For N-channel enhancement MOS if 
V;s 2 V; (threshold voltage) then we get conducting channel between 
source (S) and drain (D). 

For N-MOS 

If Vas > V,=1.5 V then Roy = 1000 Q = 1 KQ and 

If Veg < Vp Rope = 10™ Q. Under off state, T, will provide very high 
resistance. 

For P-channel enhancement MOSFET it is just reverse. 

If V.,<=-1.5 V then R,, = 1000 Q = 1 KQ and 

If V,,>-1.5 V then Rosp = 10” Q. 


5.15.1 N-MOS Inverter 


Here two transistors are connected as per the circuit, where Q, is 
always ON as V,,=5 Vand source is at lower voltage and V,, is always 
positive. The Q, switches on ON to OFF in response to the input V,. 
As per the input applied at V,, the output gives the logical levels 
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(Fig. 5.24). If the input applied as 0 volt (logic 0) then it makes Q, 
OFF. Hence, its Rop is 10” Q 
Then 


Vis Rorr(Q,) l 
= DD OFF 2. = 5. 
A R., (OAR, QI 5 V(logic1) (5.2) 


But if the input is 5 V (logic 1) then that makes Q, ON. 
So, Ronis 1 KQ then 


= Von Rorr (Q, ) as F 
f R (0,)+R,.(0,) 0 V(logic0) (5.3) 


VA =V 


DD” 
D 
-gactive load 
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e Hs 
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Figure 5.24 NMOS inverter. 


Table 5.4 Truth table for the NMOS inverter 


V, Q, Q, V 
oV ON OFF Vyp= 5 V = Logical 1 
5V ON ON 0 V = Logical 0 
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5.15.2 Two Input N-MOS NAND and NOR Gates 


Two figures show the two input NMOS NAND (Fig. 5.25) and NOR 
(Fig. 5.26) gates. In both three transistors are used where Q, is 
always ON (as per the inverter configuration). As per the inputs 
supplied both the transistors Q, and Q, go ON and OFF reflecting 
two resistance levels (either 10° Q or 1 KQ). Hence, gives the output 


(Shown in the Table 5.5.). 


G 


Figure 5.25 NMOS NAND. 


Wo EIV 


DD 
D 


Oe load 
41 


S 


Table 5.5 Truth table for NMOS NAND 


V, Vs Q, Q, Q; V, 
ov ov ON OFF OFF 5V 
ov 5V ON ON OFF 5V 
5V ov ON OFF ON 5V 
5V 5V ON ON ON ov 
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Figure 5.26 NMOS NOR. 


Truth table of NMOS NOR is shown in Table 5.6. 
Table 5.6 Truth table for NMOS NOR 


Vy Vs Q, Q, Q; Vo 

OV OV ON OFF OFF 5V 
OV 5V ON OFF ON OV 
5V OV ON ON OFF OV 


5V 5V ON ON ON OV 


5.15.3 Characteristics of MOS Logic 


1. It is easier to fabricate MOS circuit without any resistor. 

2. It is having high packing density. Hence, MOS logic finds 
high application in calculator chip, microprocessor, and 
microcomputer chip being LSI or VLSI technology. 

3. It has got very low power dissipation, as its input impedance is 
very large of the order of 10” Q (signal loss v’/R is very less). 

4. Propagation delay is large as output impedance is large. 

5. Fan-out is fairly high (can be infinity but with increase of load, 
capacitance increases which increases charging time and so 
fan-out is limited to only 50). 
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5.16 Complementary MOS Logic (CMOS) 


In CMOS both N-channel and P-channel MOS transistors are used. 
The output logical levels are calculated as per the conditions of both 
types of the transistors (either ON or OFF). 


5.16.1 Advantages 
1. Extremely low power dissipation is even smaller than MOS logic. 
2. The propagation delay is quite small as output impedance is small. 


5.16.2 Disadvantages 


1. Difficult to fabricate on IC. 


2. Low packing density (so they are not recommended for LSI or 
VLSI circuits). 


5.16.3 CMOS as Inverter 


Figure 5.27 CMOS inverter. 
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Figures 5.27 and 5.28 show a CMOS inverter, where one NMOS and 
one PMOS are connected. As per input applied either a transistor 
goes ON or OFF. The output logical levels are calculated as per 
the conditions of both the transistors (shown in the truth table in 
Table 5.7). 


Table 5.7 Truth table of CMOS inverter 


Va Q, Q, V 
ov ON OFF Vyp=5 V=Logic 1 
5V OFF ON V,» = 0 V= Logic 0 


5.16.4 Two Input NAND using CMOS 


-5V 
Vo 


D 


Figure 5.28 CMOS NAND. 
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Truth table is shown in Table 5.8. 
Table 5.8 Truth table for CMOS NAND 


s Vs Q, Q, Q Q, v, 
oV OV ON ON OFF OFF 5 V (Vip) 
oV 5V ON OFF OFF ON 5 V (Vio) 
5V OV OFF ON ON OFF 5 V (Vip) 
5V 5V OFF OFF ON ON oV 


5.16.5 CMOS Series 


When pin configuration of both ICs are same 74 series and 54 
series. The 2716 and 6116 two different ICs provide the same 
function. Both gives quad (TTL) logic 7400 and 40C00 (CMOS 
logic) input NAND and also have same function electrically 
compatible IC can be directly connected to each other. The ECL 
and TTL cannot be connected directly depending upon these 
terms. These are 4000/14000 series of CMOS. This gives low 
power dissipation, large ¢,,, and small at output capability. It is 
neither electrical compactable functionality nor it has pin to pin 
compatibility with some TTL ICs. The 740HC/40HC TXX series 
of CMOS is high speed CMOS ICs, provides pin compatibility, 
and functional equivalence with some TTL ICs. The IC 740HCT 
is also electrical compatible with some TTL ICs but 40HC is not 
electrically compatible. This series gives greater output current 
capability. 40ACXX/40ACTXX is similar to 40HCT. 740HCT is 
called advance CMOS ICS. 

Both series have operating voltage range of 2 to 6 V. The 40ACXX 
are pin to pin compatible with some TTL ICs but not 40ACTXX but is 
electrical compatible. 


5.16.6 Bi CMOS Series 


This uses a combination of bipolar and CMOS circuits (Fig. 5.29). 
The advantages of this circuit are as follows: 


1. t,, of CMOS < MOS 
2. Power dissipation is smaller but with increase in frequency, 
power dissipation increases. 
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Figure 5.29 Bi CMOS circuit. 
5.17 Comparison of Logic Families 


The comparison of logic families are represented in Table 5.9. 


Table 5.9 Truth table for comparison of logic families 


Logic Propagation Power Noise 
family delay (ns) dissipation (mW) margin (V) Fan-in Fan-out Cost 


TTL 9 10 0.4 8 10 Low 
ECL 1 50 0.25 5 10 High 
MOS 50 0.1 1.5 8 10 Low 
CMOS <50 0.01 5 10 50 Low 
IIL 1 0.1 0.35 5 8 Very low 


Random access memory—Read and write access time are same. 
FFH = 11111111 
When an EPROM is blank, all its locations will contain FFH EPROM 
can be erased by specially devised also program. 
EPROM chips = 2716 - 2 KB 
2732 - 4 KB 
2764 - 8 KB 
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The program means 1s will be converted to Os. 

11111111=FFH 

00110000 =30H 

Address is given through switches in ROM. 

EEPROM = we can erase on board. 

Any unconnected terminal should be connected to power supply 
CMOS, as CMOS is very disreputable to electrostatic charge from 
outside, so to protect CMOS ICs we connect it to suitable power supply. 


Lock Out: If a counter, while pasing through its possible states ac- 
quires a nonpossible stste and does not return to its desired state, 
such sitiation is called lock out. 


Problem 1: 

A photo all triggers an assembly line bottle filter and the maximum 
filling rate in 10 bottles per min. How many counter stages are 
registered to count a 1 hr output? 


Solution 

In 1h the maximum number of bottles can be fixed, 

10 bottles x 60 = 600 bottles 

z. 600 =2%-1 

=> N log 2 = log 601 (-..2" = 601) 

=> N=9.23 
Of course building 0.23 F/F is impossible. Since more than 9 F/Fs 
are needed, a 10 bit counter is required. The maximum count for a 
counter with N F/Fs is given by max <= 2”-1. 


Problem 2: 

The typical 0.5 in LED-7 segment display draws 10 mA per segment 
from a 5 V power supply. The same size LCD draws 1 A per segment. 
Compare the maximum power dissipation. 


Solution 
The maximum power is used when all seven segments are activated. 
For the LED display: 

Pax = 5 V X 7 segments x 10 mA/segment = 350 mV 

For the LCD display: 

P aax = 5 V X7 segments x 1 pA/segment = 35 yW 

Thus, the given example shows that for the same size display, an 
LED draws 10,000 times as much power as an LCD (Fig. 5.30). 
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Figure 5.30 The circuit diagram of digitalized system. 


5.17.1 High Level DC Noise Margin 


The high level DC noise margin is considered when the load gate 
(Figs. 5.31-5.32) is driven by high output from the driver gate. 


YOH(min) 
Driver gate Load 
VIH(min) gate 


(Von min) Vin min) 


If noise voltage is added with similar polarity, no problem as 
(4.5 + xy) > 4 V but with opposite polarity then 4.5 — (+ve noise 
voltage) < (Vii) min. 


5.17.2 AC Noise Margin 


By this we mean that the noise appears at the input of a logic gate for 
time duration, which is very much shorter than the response time 
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Figure 5.31 The input-output waveform of load gate. 
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Figure 5.32 The input-output waveform of load gate. 
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or propagation delay of the logic gate. Thus, we can say that the AC 
noise margin for a gate is very large as compared to DC noise margin 
(so it is not important). 


5.17.2.1 Fan-out 

This is defined as the maximum number of inputs (Fig. 5.33) of the 
same logic family that the gate can drive without deviating from its 
specified output analogous to the situation. 


Tmax 


Figure 5.33 The diagram of fan-out. 


with increase of R, Imag Will also increase. 


5.17.3 Output of a TTL gate 


The output of a TTL gate (Fig. 5.34) is high if V „= high. In this case, 
the input load gate is reversing biased and the TTL driver can source 
a 40 A of reverse saturation current. 


Vec 


Figure 5.34 The output circuit diagram of TTL gate. 
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5.18 Major Comparative Features of Various 
Logic Families 


5.18.1 Gates of TTL Logic family 


Ad 
1 


N 


WP Ww 


N 


so 


vantages 

. TTL gates require a typical supply voltage of (+/-)5%. However, 
currently TTL gates with lower supply voltage like 3 V,2.4 V, 1.5 
V etc are also available. 

. Several types of TTL gates are now available like low power, 

low power Schottky, high speed, high speed Schottky and a va- 

riety of other types. 

Amongst the saturation logic family TTL is the fastest. 

Noise margin is better with a typical value of around 0.4 V 

TTL gates have wide power dissipation range lying between 

megawatt to milliwatt. 

TTL gates are compactable with gates of other logic fmilies. 

. TTL gates are much populr among the logic families and have 
easily available. 

. Fanout capabilities is upto 10 gates. 

All logic function TTL gates are available. 

. Output impedance is low at high and low status 


Disadvantages 


1. 


JU eA UW N 


TTL gates canot be used in VLSi/VLSI circuits because of their 
isolation problems. 


. Cost of TTL gates is more compared to NMOS/CMOS gates. 

. TTL gates produce transient volatages at the time of switching. 

. TTL gates consume more power compared to NMOS/CMOS gates. 
. TTL gates have low noise margin and hence not suitable for use 


in industrial atmosphere. 


. Standard TTL gates do not have wired-OR capabilities. 


5.18.2 Gates of ECL logic family 


Ad 
1. 


avantages 
ECL gates require a typical supply voltage of -5.2 V. Power supply 
loads do not have current switching spikes. 


Major Comparative Features of Various Logic Families 


2. ECL gates have the highest speed among all logic families as in 
ECL gates transistors operate in the active region. 

3. The number of function available is high but less than TTL family. 

4. ECL gates have complementary outputs (NOR-OR) and Wired- 
OR can be achieved. 


Disadvantages 


1. ECL gates have resistors and hence ECL based VLSI design is dif- 
ficult and costly. 

2. ECL gates have limited fanout because of intensive capacitive 
load. 

3. Inorder to interface ECL logic gates with other logic family gates, 
we require level shifters. 

4. Among all the logic families ECL gates consume the highest 
power. 

5. ECL gates have very noise margin like (+/-)200 mV and not suit- 
able for use in industrial environment. 


5.18.3 Gates of NMOS logic family 


Adavantages 

1. Fabrication cost is the lowest because NMOS gates require less 
number of diffusion. 

2. NMOS gates are capable of using variable power supply ranging 
from 5 V to 15 V. 

3. NMOS gates can be used as capacitor as well as resistor and can 
be used in charge-coupled devices. 

4. NMOS gates have the highest packing density among all the logic 
families as which do not require isolation islands. Hence NOMS 
gates are suiatables for VLSI/VLSI circuits. 

5. Power dessipation is very low in the order of nW, but more than 
CMOS gates. 

6. NMOS gates have large fan-out capabilities of 20 gates. 

7. NMOS gates have comparatively higher noise margin and have 
suitable for use in industrial environment. 


Disadvantages 
1. As the capacitive load of NMOS gates is very high, speed of opera- 
tion is lower. Propagation delay is also very high. 


285 


286 | Logic Family 


2. NMOS gates are not very popular because CMOS gates have 
higher speed and low power dissipation. 


5.18.4 Gates of IIL logic family 


Advantages 

1. As IIL gates are realized using BJTs, they have high speed of 
operation. 

2. IIL gates have high packing density as they are made up of tran- 
sistors only and hence they are suitable for VLSI/ULSI circuits. 

3. IIL gates require very low power supply and dissipate low power. 

4. Cost of production of IIL gates is less and hence several functions 
possible on the same chip. 

5. IIL gates are compatible with gates of other logic families. 


Disadvantages 

1. Currently these gates are dormant because of its technology. 

2. For proper functioning IIL gates need external resistors. 

3. Supply voltage is in the range of 0.8 to 0.2 V (for Silicon based IIL 
gates) and noise margin is very low. 

4. Packing density of IIL gates is lower than nMOS gates. 


5.18.5 Gates of CMOS logic families 


Advantages 

1. CMOS gates require single power supply and logic swing is 
large (= Vdd). Power dissipation is in the order of nano watts. 

2. CMOS gates have lower propagation delay compared to nMOS 
gates and higher speed(in range of GHz) 

3. CMOS gates have higher fanout capability even more than 50. 

4. Noise margin of CMOS gates is high (0.5Vdd) and hence suitable 
for use in industrial environment. 

5. CMOS gates directly compatible with TTL gates. 

6. CMOS gates have very good temperature stability. 


Disadvantages 

1. CMOS gates require additional powering steps and hence produc- 
tion cost is higher. 

2. Packing density of CMOS gates is lower compared to nMOS logic 
gates. But such problem can be avoided by CMOS gates with pass 
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transistors logic structure. Under such situation packing density 
can even exceed that of nMOS gates. 


. CMOS gates may be damaged because of acquired static charge 


in the leads. Hence nMOS/CMOS gate based IC chips should 
be protected from acquiring static charges by using shorted 
leads. 


Problems 


. What is unique about TTL devices such as the 74SXX? 
. What should be done to unused inputs on TTL gates? 
. How the data can be changed from special code to temporal 


code? 


. Which logic family is the fastest among the TTL, ECL, CMOS, and 


why? 


. Which digital logic family has the lowest propagation delay 


time and why? 


. In digital IC, why Schottky transistors are preferred over 


normal transistors? 


. What is the range of invalid TTL output voltage? 
. Why is a decoupling capacitor needed for TTL ICs and where 


should it be connected? 


. What is fan-in and fan-out? Give an example. 
. What is noise margin? What are the different type of noise 


margin ? Give the proper expression for it. 


. Which of the following summarizes the important features of 


emitter-coupled logic (ECL)? 


. What is the word ‘interfacing’ as applied to digital electronics 


means? 


. How the problem of interfacing IC logic families that have 


different supply voltages (VCCs) can be solved? 


. What are the different TTL families? 

. What are the advantages of Totem Pole Output? 

. What are the disadvantages of Totem Pole Output? 

. What are the advantages of Integrated Injection Logic? 

. What are the disadvantages of Integrated Injection Logic? 
. What are the advantages of Integrated Injection Logic? 

. What are the disadvantages of Integrated Injection Logic? 


Chapter 6 


Application 


6.1 Introduction 


In today’s world digital electronics is essential in the design 
and working of a wide range of applications, from electronics, 
communication, computers, control, industrial to security, and 
military equipments. The digital ICs used in these applications 
decrease in size and more complex technology is used day by day. 
It is essential for engineers and students to fully understand both 
the fundamentals and also the implementation and application 
principles of digital electronics, devices, and integrated circuits, thus 
enabling them to use the most appropriate and effective technique 
to suit their technical needs. This chapter presents different types of 
digital components. Their internal details and applications are also 
presented in an elaborate manner. 


6.2 Digital to Analog Converter 


The signals in current use are mostly generated in analogous form 
where the amplitudes of these analogous signals vary continuously 
with respect to time. The most common real time example of an 
analog signal is the growth of any living being like human or plant. 
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Unfortunately, noise produces easy effect on analog signal as noise 
is created mainly I the form of amplitude variations. This basically 
indicates that we are to restrict and reduce noise and hence, amplitude 
is to be limited thereby creating distortion of signals because signals 
will be clipped due to the limit imposed on the amplitude of the signal. 
In order to avoid distortion and limit noise, the current technique 
is to use digital signals which are fixed width pulses, and take only 
one of the two levels of amplitude 0 or 1 at any instant. The circuit 
which provides an interface between the digital signals of computer 
system and continuous signals of the analog world is called the Digital 
to Analog Converter (D/A Converter or DAC) which accepts digital 
signals (digital codes) as input and produces constant output voltages 
or currents. Figure 6.1 shows a typical Analog to digital conversion 
system. Analog converter itself is used as a subsystem. To achieve this 
converter, a number of techniques can be used. But we will describe 
only the most common techniques here. 


Power 


Figure 6.1 Digital to Analog Converter. 
There are practically two types of DACs: 


1. weighted resistor DAC 
2. R-2R Ladder type DAC 


An N-bit weighted resistor DAC is shown in Fig. 6.2. In both the 
cases we use OP-AMP as an operational device. 
Ry = feedback resistor 
V (t) = analog output 
Vp = reference voltage 
We consider n bit weighted resistor D/A converter; each resistance can 
be connected to GND or Vp depending upon the type of digital input. 
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Vatt) 


Figure 6.2 Digital to analog converter. 


Vp = fixed reference voltage. 

Connection to Vp means logical 1 and GND means logical 0. 

The OP-AMP is assumed to be an ideal OP-AMP so the input 
impedance of OP-AMP is infinity. 

Applying KCL at P we can write 


L+h+L+...+Iy= l 
Let L = Vy-1/R, Ip = Vy-2/2R, Ig = Vy-3/4R,---, Iy= Vọ/2""R 
So, Vy4/ R+ Vy2/2R+ Vy-3/4R + ... + V,/2"" R= lo 
Vy-1 is either V} or 0 depending upon logical input 1 or 0 where 
I=0,1,2... N-1 
Vi= bVp 
where b,=1 for logical 1 input 
b;= 0 for logical 0 input 
by-1Vp/R + by_Vp/2R + by_3 Vg/4R +... + bo Vp/2" R= h 


The output analog voltage is given by 
Va = -lo Re 
V, = -Rp(VgR/2™R) [by-12" + Dy 928? +... + by2" + b,2°] 
V =K [by12"" + by-22 +... + b12'+ by 2"| (6.1) 
where K= -RpVg/2™ "R = constant (6.2) 
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We cannot use carbon resistances R and 2R. So, having K = constant 
with changes in the physical parameter such as temperature, 
humidity, all the resistors must be precision resistors so that its 
tolerance will be very small and variation is limited. 

Table 6.1 depicts the analog voltage and its corresponding 3 bit 
digital input. This can be implemented by a 3-bit weighted resistor 
DAC circuit as shown on Fig. 6.3. With 3 bit weighted resistor (W-R) 
DACs (N = 3). 

K= -(Rp/R) x (V}/2 °) = -(Rp/R) x (Va/4) V (6.3) 

So, V, = K [27b, + 2'b, + 2’b,] 

We apply the three digital inputs b,, b4, bo. 

The circuit becomes: 


Figure 6.3 3 Bit weighted resistor (W-R) DAC. 


K=1if Rp=Rand V} = (-4) V 

with K= 1, V,=[27b, +2'b, +2°b)] V 

For digital input b, = b} = b= 1 

V, = 27(1) +21(1)+ 2°) =7V 

That is when all the three inputs are high connected to reference 
voltage Vp 

b,b,b)=101 

V,=27(1)+2'(0)+2°(1)=5V 
So, the decimal equivalent of the binary number will be the magnitude 
of the analog voltage. This is called unipolar W-R D/A converter. 
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For N bit W-R DAC, K= 1 if Rẹ = Rand V} = age 

The 3 bit bipolar DAC with 1’s complement analog output that is 
analog output voltage may be negative also. 

To obtain the negative analog voltage in output, the 3 bit digital 
input should be applied as given in Table 6.2, and there should be 
some modification in the circuit. The modified circuit is depicted in 
Fig. 6.4. The modification in the circuit 

When b, =0 >V, ø= 0V 

When b, = 1 > Vae = +7 V 


V, = (1) [27 b, +27 b, + 2° bo] (6.4) 
V 
r =|- pexa 
R 


By using superposition theorem, the final output for 3 bit bipolar 
W-R DAC will be 


Table 6.1 Analog voltage and its 
corresponding 3 bit digital input 


V, 3 bit digital input 
oV 000 
1V 001 
2V 010 
3V 011 
4V 100 
5V 101 
6V 110 
7V 111 


Table 6.2 The 3 bit digital input and corresponding 
analog output in 1’s complement 


3 bit digitalinput Analog output in 1’s complement 


000 OV 
001 1V 
010 2V 
011 3V 
100 -3 V 
101 -2V 
110 -1V 


111 OV 
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Valt) 


Figure 6.4 Modified circuit. 


V 
V= (2b +2'b +2°b )-=xR 
a 2 1 0 R F 
off 


If Re = Rog, then V, = [2? b, + 21 b} + 2° bo-V g 


(6.5) 


(6.6) 


= Final analog output voltage with the presence of offset voltage. 


for b,b,b, = 100 from Eq. 6.6 we get: 
V, = [27(1) + 2*(0) + 2°(0) -7] 
=4-7 
=-3V 
V æ= 7 volts since b, = 1. 


This gives 1’s complement as if we are inputting the digital input 


in the 1’s complement form. 


Since, + 3 in 1’s complement is 011 and + 3 in 1’s complement is 


= 000 and since, it is the sign magnitude form becomes 100. 


When b,b,by = 011 

Then V, = [21(1) + 2° (1)-0] 
= 3 volts 

As V = 0 when b, = 0 


Table 6.3 shows the 3 bit digital input and corresponding analog 


output in 2’s complement form. 


So, for 2’s complement 3 bit DAC V e= 8 V when b, = 1 and Vig= 


0 V when b, = 0 
When b,b,b)= 111 
V,=(2?x1+2'x14+2°x 1-8) 
=(-1)V 
as V e= 8 V when b, = 1 
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Table 6.3 3 bit digital input and corre- 
sponding analog output in 2’s complement 


3 bit digital Analog output in 

input 2’s complement 
000 OV 
—001 1V 
—010 2V 
—011 3V 
—100 4V 
—101 =3V 
-110 -2 V 
=111 -1V 


The resistances are in GP with common ratio of 2 from top to 
bottom. 


6.2.1 Disadvantages of W-R DAC 


1. For N bit W-R DAC we require N wide spread values of resistances 
whose values are R, 2R, AR 2" "R which are very difficult to 
achieve or realize. (This exact ratio of resistors is difficult to get in 
carbon resistors) 

2. Wide spread values of precision resistors are also difficult to realize. 

3. The variation of V} is not allowed that is reference voltage source must 
be highly stable. Due to this W-R DAC are used not beyond 4 bit DAC. 


6.2.2 The R-2R Ladder Type DAC 


If we extend the ladder to œ, the input impedance remains fixed. 

Figure 6.5 shows the circuit of R-2R ladder type DAC, and its 
equivalent circuit is given in Fig. 6.6. It uses R-2R ladder type network 
whose input impedance are always constant [for all digital inputs 
(LSB, MSB)]. 


Figure 6.5 Circuit of R-2R ladder type DAC. 
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Let us consider, 3 bit R-2R ladder type DAC: 

The OP-AMP is at the end used to convert current into voltage. 
The MSB will be near to OP-AMP and LSB farthest from OP-AMP. 

Let the input is 001. 


Figure 6.6 Equivalent circuit of R-2R ladder type DAC. 


Using Thevenin’s theorem here and the equivalent voltage source 


E “(ie ken-[2) (6.7) 


and so the Thevenin equivalent circuit as shown in Fig. 6.7 is: 


v,,=|2 zr =| £ 
"| 4R 22 oe) 
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So, Thevenin equivalent of circuit which is shown in Fig. 6.8 is: 


Z 


(2RIK(R+R)) 


Z 


Figure 6.8 Thevenin’s equivalent circuit of Fig. 6.7. 
So, the final Thevenin equivalent circuit is Fig. 6.9: 


R 2R 


A | P 


'| fe» _—+4] I} 


Figure 6.9 Final Thevenin equivalent circuit of Fig. 6.8. 


Now, let input be 010. The circuit, equivalent circuit, Thevenin 
equivalent circuit and final Thevenin equivalent circuit of R-2R 


ladder type DAC for input 010 are shown in Figs. 6.10, 6.11, 6.12 
and 6.13 respectively. 


R 


Va 
2R 

oie WR h 

GND GND gnp ONO 


Figure 6.10 Circuit of R-2R ladder type DAC for input 010. 
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2R 
to op-amp 


To op-amp 


Figure 6.12 Thevenin equivalent circuit of Fig. 6.11. 


R 


2R 
EE Ee to op-amp 
Middle input=1 + ji 


Figure 6.13 Thevenin equivalent circuit of Fig. 6.12. 


Let input now be 100, the circuit, equivalent circuit and Thevenin 
equivalent circuit of R-2R ladder type DAC for input 100 are shown 
in Figs. 6.14, 6.15 and 6.16 respectively. 


Rg 


Va 
il = L LT YR 
GND GND GNO GND 


Figure 6.14 Circuit of R-2R ladder type DAC for input 100. 
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To op-amp 


Figure 6.15 Equivalent circuit of R-2R ladder type DAC. 


to op-amp 


Figure 6.16 Thevenin equivalent circuit of R-2R ladder type DAC. 


Combining above figures, we get the equivalent circuit for 3 bit 
R-2R ladder type DAC as shown in Fig. 6.17: 


R 1 
$ R b : 
kul 
T gb ° Va (Analog Output) 


Figure 6.17 Equivalent circuit for 3 bit R-2R ladder type DAC. 
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The weighted resistors are same and not wide spread values of 
resistors are required. So, it overcomes all disadvantages of W-R DA 
converters. 

By applying KCL at P: 

Ij=1,+1,+1, 
Va + V: V: 


° 2(3R) 223R 2Z3R 


paa LR A 
e 3R|2 Z 23 


2 
i 1 AK Hn] 


073R 


23 
2 1 0 
I _ V| Zb, +2 b, +2°b, (6.9) 
° 3R 2 
where b;= 1 or 0 
V, 
=——* [2 b, +2'b, +2°b ] 
° 3R(2') 
V, =-loRp 
VR 
V, =-——= [27 b, +2°b, +2’ dy] 
3R(2} 
V =K [27b, + 2'b, + 2°b,] (6.10) 
where K= -Vg x ——— 
3R(2?) 
K= (1) > R; = 3R and V} = -2° V = -8 V and when K= 1 
V, = [2°b, + 2°b, + 2°b,] (6.11) 


For 1’s and 2’s complement method, the same procedure is 
followed. 


6.2.3 Advantage 


Only three different values of precision resistors are required whose 
values are R, 2R, and 3R (not widespread values) and so, even a 
single resistance R can be used sufficiently so produce 2R and 3R by 
connecting them in series. 
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6.3 8 Bit D/A Counter IC DAC 0808/DAC 1408 


8 bit D/Acounter IC DAC 0808/DAC 1408 and its circuit are shown in 
Figs. 6.18 and 6.19 respectively. This is also called microprocessor 
compatible DA converter. 


2.5K 
> 
MC 1408 
DAC 0808 
8-bit DAC 
using R-2R 
ladder type 
2.5K 
wen 
GND 


D1 DO 
Figure 6.18 8 bit D/A counter IC DAC 0808/DAC 1408. 


Vec=15v 


R14=1.5k 


D4 MC1408/ Va 
D3 DAC0808 analog 
-15v voltage 


Gnd 
R15=2.5k 


Figure 6.19 Circuit diagram of 8 bit D/A counter IC DAC 0808/DAC 1408. 


Va a a ve R A, A, 


+ 
° R|2 4 8 16 32 64 128 256] (6.12) 


14 
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A, to A, are the digital inputs applied through D, to Dp. 
Output analog voltage = -/)R, 

V É A A A A A A A 
aet xR 7 6 5 + 4 + 3 + 2 + 1 0 
F 


+—+ + 
2 4 8 16 32 64 128 256 


Maximum current J, will be obtained when A,, Ay, As, Ay Az Ay, Ay, 
A, all are 1. V (2) 


and (bma) =p *| 556 

14 
5 & 
= — X| — 
2.5k \256 


= 1.992 mA 
(V )max Output analog voltage = I) x Rp 
= (1.992 mA) x 5 x10° 
= 1.992 x10?x5 x 10° 
= 9.960 V 
= full scale voltage 

Since, there are tolerances of the resistors, hence, exact 9.960 will 
not be obtained. 

In unipolar mode, the output analog voltage varies from 0 to 10 V. 
In bipolar mode, the output analog voltage varies from -5 to + 5 V. 
The range or swing is 10 V. 

We can have different logical operation by selecting different S} S, 
S, So, and for A or L operation, the M is useful. 


6.4 Bit Arithmetic and Logic Unit (74181) 


So, ALU is the heart ofthe CPU=(ALU+controlunit)=microprocessor. 
Fig. 6.20 shows a 24 pin DIP 74181 (LSI) chip, 4 bit ALU. Logical 
operations corresponding to different combinations of $}, S,, S4, and 
So are given in Table 6.4 Cascading 2 bit ALU we can realize 8 bit 
ALU. When M = 1 we get logical operation and when M = 0 we get 
arithmetic operation. 
Output = 1 if A = B 
=0ifA +B. 
If carry is generated G, output will glow and if carry is propagated 
P will glow. The G and P are used with carry look ahead as cascading 
outputs for faster additional subtraction. 
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Vec=5v 
Mode control input 
M 
$3 13 F3 
$2 
$1 11 F2 
So 
24 PIN 10 Fi 
AO DIP 74181(LSI Chip) 
Al 4-bit ALU oT" 
A2 Arithmatic 
A3 Logical Unit 
A=B output 
B 
Bl, G=Carry generator 
B output 
P=Carry propagate 
B output 
Cn Cn+4=Carry output 


Figure 6.20 A 24 pin DIP 74181 (LSI) chip, 4 bit ALU. 


Table 6.4 Logical operations corresponding to 
different combinations of S}, S, S4, and So 


S3 Sy S1 So Logical operation 
0000 A 
0001 ree 
0010 AB 
0011 0 
0100 35 
0101 B 
0110 A®B 
0111 _ 
AB 
1000 NE 
1001 A@B 
1010 B 
1011 AB 
1100 1 
1101 AGE 
1110 A+B 


1111 A*4 
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M= 0 (arithmetic) 
C, =1 (with no carry) as c, = 0. c,, = 0 means with carry 
Cascading of two 4 bit ALU to perform 8 bit addition/subtraction 
that is to realize 8 bit ALU as shown in Figs. 6.21 and 6.22: 
For addition M = 0 for arithmetic operation. 
Say we want to add A= (45), 
B= (89) 19 
(45)10= (2D)16 (89) 10= (59)16 
(2D),,= (00101101),, (59),, = (01011001), 
MSB LSB MSB LSB 


Ca =1 Cn =0 
01 A plus B A plus B plus 1 
10 A minus B minus 1 A minus B 


Cn =1 when result is negative 


Cna =0 positive 


00 0 
14 OT A 42 l e328 


A3A2 AlA0 B3B2 BIBO 5V ATAT ALMI POPI BIRN: SY 


74181 
MSB ALU 


74181 
LSB ALU 


. a S; 2 SIs "3 F2 F1 Fi 
S3 $2 SISO F3F2 FIFO 3 : on F3 F2 F1 F0 
1001 0 


SUM Select Inputs 


Figure 6.21 Cascading two 74181 ALU units. 


MC B Asg Bisg Susp Cia a Coss Amsp Susp & 
0 


nL: n+4 
1 1101 1001 0110 0 0 001001 1000 1 
1101 
1001 


10110 
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Final sum = Sycp SisB 
= 1000 0110 =1x2’?x2?x1+4+2! 
= (134), 

This is for addition. 

Now consider: 

S3 S3 Sı So M Cusp 


1101 0010 
—1001 0101 
n+4 7 
0100 C ,=1 1101 


Here also A = (45),, and B = (89),, 


00 100 
11011001 E2 
A3A2 ALAO B3B2 BIBO SV ABAD ALAS SEE BEDS: EV 


‘Cn+ 
M Cn+4 
74181 74181 i 
LSB ALU MSB ALU 
S3 S2 $150 F3F2 FIFO s3 S S1S0 F3F2 F1 F0 
1001 1 0 1 
SUM Select Inputs 


Figure 6.22 Circuit representations of two cascaded ALU units. 


Final result: 

Susp SLsp 

1101 0100 
=-1284+64+16+4 
= (-128 + 84) 

= -44 

which is (45-89) 
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6.5 Carry Look Ahead Adder (CLA Adder) 


Parallel full adder has got the disadvantage of carry propagation 
delay. In a CLA adder the carry propagation delay is reduced by 
reducing the number of gates through which the carry propagates. 
For an n bit CLA adder there is 4 bit propagation delay and the delay 
will not increase with increase of n. 

We consider the truth table of a full adder as given in Table 6.5, 
and the corresponding circuit diagram is given in Fig. 6.23. The SOP 
form and the POS form of this circuit diagram are given in Figs. 6.24 
and Fig. 6.25 respectively: 


Table 6.5 Truth table of CLA adder 
Inputs Outputs 


A B Cua s c 


0 0 0 0 0 


PPP RP OoOO 
PP oO rR rR O 
P o re OR OO FR 
P o o rR OR BR 
PP RP OR Oo 


IfA = B=1, irrespective of c,_, and ¢;= 1. 

These two conditions are called carry generate conditions. 

When atleast A or Bis 1, the four C;s are called the carry propagate 
stage P. 


G,= A, B, (6.13) 
P,=A,® B, (6.14) 


Carry will generate at ‘i’th stage if that stage is a carry generator 
stage, or if that stage is carry propagate stage and previous carry 
bit is 1. 

So C,=G6,+ PC, (6.15) 


S,=A,® B® Ci 
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84 2 


Sy 

Pa 
$ 

P, 
me 

Ae 

Figure 6.23 Circuit diagram of CLA adder. 
S,=P,OC_, (6.16) 


Let us now consider, 4 bit CLA adder. 

4 bit binary A, A, A, A, Aj < Augends bits 
+ B,B,B,B,B, <— Addend bits 

Final carry — C€,8,53555, 
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Figure 6.25 The POS form circuit representation. 


So from Eq. (6.16) we get S, = P, ® Cy 
In Eqs. (6.15) and (6.16) puti= 1 
C,=G,+P,C, (6.17) 
Putting I= 2 
S,=P,® C 
C= G, + PC, 
= G, + P, (G,+P,Co) 
= G, + PG, + P,P,C, (6.18) 
Puti=3 
S= P; ® C, 
C= G + PC, 
= G+ PG, + PzP G4 + P3P,P,Cy (6.19) 
Put I= 4 
S,=P, OC, 
C, = G4 + PC, 


Analog to Digital Converter 


= G,+ P,P,G, + PG; + P,P3P,G, + P,PzP,P,C, (6.20) 


Now we can realize Eqs. 6.17, 6.18, 6.19, 6.20 by logic gates, 

If there is no restriction for the number of inputs for a gate 
then the 4 bit CLA adder can be realized by maximum of 4 gate 
propagation delay and if provided we assume that propagation 
delay for OR, AND, and XOR gate are same. For n bit CLA adder 
also we can realize it by 4 gate propagation delay if gates with any 
number of inputs are available. [Here maximum no of inputs = 5, 
for 4 bit, for n bit, we require (n + 1) input AND gate]. But the 
hardware complexity is increased. There is a gain in speed over 
parallel addition. 

The logical expressions for S; and C; can be minimized by using 
any suitable minimizing technique (K map or QM technique). The 
minimized expressions for S, and C, are in sum of product (SOP) 
form or product of sum (POS) form and any one of these forms can 
be realized by three gate propagation delay. 

In sum of product form, they are: 


C =AB+BC (6.21) 


S, = ABCis + ABCis + ABC, + ABC, , (6.22) 


6.6 Analog to Digital Converter 


A simple A/D conversion scheme is shown in Fig. 6.26. This is a 
circuit which accepts an unknown continuous analog signal at its 
input and converts it into an ‘n’- bit binary number which can be 
easily manipulated by a computer. 


Sample 


and hold AD 
circuit Converter 


n-bit digital 
equivalent 
output 

Analog Signal 


Figure 6.26 A/D Conversion scheme. 
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The analog signal should remain constant for an instant of time, 
because to get the digital equivalent at the output, the A/D converter 
needs some finite time. So, generally a signal is not applied directly 
but through sample and hold circuit. 


6.6.1 Sample and Hold Circuit 


A typical diagram of Sample and hold circuit. Is shown in Fig. 6.27. 
This configuration is called unity gain amplifier, as output = input, 
gain = unity. 

There is isolation between input and output. Hence, it is called a 
buffer. 


C=Hold Capacitor 


C 


analog Signal 


Figure 6.27 Sample and hold circuit. 


6.6.2 Sampling Pulse 


Figure 6.28 shows the waveform of sampling pulse for sample and 
hold circuit. During next T sec sampling pulse is low, Q is off. The 
capacitor cannot charge through Q nor does it discharge through 
amplifier. So, during this interval when V,;= low, capacitor holds the 
charge and the voltage across it will be constant. This is called hold 
time. So, this is the purpose of sample and hold circuit. After this 
again during T, capacitor will charge and then again hold for some 
T seconds. Hence, A/D converter works in the interval 2 or converts 
during this interval, as analog voltage is constant at this time interval 
and it requires no A/D conversion error. 
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Sampling 
pulse 
5v 
' 
Ov 
I 


when Vs is high,Q is ON and capacitor charges gradually with CRQn on resistance of transistor 
1 ' 
| 


Constant Va 


Figure 6.28 Waveform of sampling pulse. 


A/D Conversion time < Hold time. 

Commercially available sample and hold amplifier IC is LF-398. 
shown in Fig. 6.29. 

The value of Cis in the range of 100 PF to 0.1 uF. Supply voltage is 
in between 5 to 18 V (dual supply voltage). 


YY 
+ Sy 
Logic Signal/ 
sampling signal 
Adjustment 8 Pin DIP 
Logic reference 
LF 398 
Analog voltage c 
to be applied S/H s = Gnd 
Amplifier Hold capacitor to be 
connected externally 
— 5v 
Vout 
output of sample 
and hold amplifier 


Figure 6.29 Commercially available sample and hold amplifier IC (LF-398). 
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The offset is used to get zero output with zero input. With zero 
input, if V «İs finite, so resistance is attached with pin number 2. As 
this offset error is very small so pin number 2 is left unconnected. 

At pin number 7, the logic reference is normally connected to zero 
or ground. When logic signal at pin number 8 is high, the device takes 
samples of input signal at pin number 3 and thus holds capacitor 
charges during this time (sampling interval). When logic signal is 
low, the output at pin number 5 is held constant. 

Parameters of this IC: 


Acquisition time 


It is the time needed for getting proper sample. Ideally, it should be 
zero that is we expect sampling to be instantaneous but practically it is 
finite determined by charging time constant of C and other constants. 


Aperture Time 


It is the time required to open the switch for holding the capacitor 
voltage constant (As switching is done by transistor from on to off 
stage of transistor, so that time is aperture time). 


Drop rate 


This is determined by the decrease of output voltage at pin number 
5 with time during hold period (Even under the off condition of 
the transistor, the capacitor will slowly discharge through the off 
resistance of transistor. That rate of change of voltage is called 
drop rate). 
When C= 0.001 uF then acquisition time = 4 sec 
aperture time =150 ms 
and drop rate =30mV/sec 
It can be shown that with decrease of C, acquisition time decreases 
but drop rate increases. 
With increase of C, drop rate decreases but acquisition time 
increases. 
So how to select C? 
Acquisition time and drop rate has to be small so we have to make 
a trade-off between drop rate and acquisition time. 
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6.7 A/D Converter Types 


Parallel type A/D converter, Counter type ADC, Successive 
approximation type ADC and Dual slope type ADC are some of the 
A/D converters which are frequently used. From the point of view 
we may have the following A/D converters: 


1. fastest ADC having greatest hardware complexity. 

2. slowest ADC, but with simplest hardware complexity. 

3. most accurate and quite fast and (BLANK) reasonably complex 
hardware. 

4. slowest, not so accurate, less complicated hardware. 

5. voltage to time and voltage to frequency ADC. 


6.7.1 2 Bit Parallel/Simultaneous Type ADC 


Comparator 2 C2 


Sample 


and Hold 
circuit 


Constant with chang 
in time 


Output circuit 


Figure 6.30 2 Bit parallel/simultaneous type ADC. 


If we want to convert 3 V analog into 2 bit digital output, we use 
this circuit as shown in Fig. 6.30 and the comparator circuit that is 
used in 2 bit parallel/simultaneous type ADC is shown in Fig. 6.31. 


Vi Cl 
v2 


Figure 6.31 A comparator. 
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Comparator Output: 
C,=1if V >V, 
=0ifV,<=V, (6.23) 


6.7.2 A/D Converter 


Table 6.6 Analog to digital conversion 


Analog voltage input Dec C C, C3 bi b, 
v 0 0 0 0 0 0 
0<V, <— 
as 4 
(min analog voltage that can be 
measured) 
4 1 0 0 0 1 
— <V, <— 
4 è 2 
V 3V 6 1 1 0 1 0 
ee Va < — 
2 4 
V 7 1 1 1 1 1 
— <V, <0V 


b =f (C, C, C3) = Yim (4, 7) + Xd (1, 2,3,5) (6.24) 

b, =f (C, C, C3) = Yim (6, 7) + Yd (1, 2, 3, 5) (6.25) 

A typical Analog to digital conversion chart is given in Table 6.6 
and the corresponding K maps to find logical expressions of b, and 


b; are given in Fig. 6.32. After solving the K- maps and implementing 
them, we get the circuit diagram of Analog to digital converter as 


b2=G; + CO 


Figure 6.32 K Maps to find logical expressions of b, and b, 
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shown in Fig. 6.33 By observing the table we can write the logical 
expression for b, and b4. 

We apply the analog voltage simultaneously. So, it is called the 
parallel type. The maximum analog voltage that can be converted is 3 V. 


For 2 bit parallel type ADC we require = (3 x —) 
2 4 
2°-1=3 comparators 
For n bit parallel type ADC we require (2”-1) comparators. 
For 3 bit parallel type ADC we require 23-1 =7 comparators. 
(With seven comparators, we can measure eight possible voltages.). 


Binary output Read pulse 


HCO 


Read Gates 


Figure 6.33 Analog to digital converter. 


LVT 
La = 


type ADC or 3 bit parallel type ADC, we can write b, = C, (output of 


0.875 (V = 7 volts in analogy with 2 bit parallel 


middle comparator) 
b= C40; + Ce (6.26) 
b,=C,C,+ CC, + C,C,+C, (6.27) 


6.7.2.1 Disadvantage 
Since, hardware complexity increases tremendously, generally not 
more than 3 bit ADC are used as parallel type. 
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6.7.2.1.1 Main advantage Fastest ADC and propagation delay is 
small, conversion time is extremely small. 


6.7.3 Counter Type ADC (3 bit CTADC) 


Figure 6.34 shows a counter type A/D converter and the 
corresponding conversion chart is given in Table 6.7. The maximum 
conversion time for an n bit counter type ADC = 2n x T sec where T 
is the time period of the clock pulse used in the counter type ADC. 

3 bit counter type ADC requires: 


Offset Voltage 


Digital Output 
Figure 6.34 Counter type A/D converter. 


1. asample and hold circuit. 
A typical hold time diagram is shown in Fig. 6.35 
2. a comparator. 
3. asummer or adder. 
4. one 3 bit DAC. 
5. 3 bit ripple counter. 
6. one clock pulse generator. 
7. three output AND gates. 
8. one AND gate for enabling clock pulse. 


6.7.3.1 Disadvantage 
It is the slowest. 

With H = 1, the circuit takes the sample to start new conversion 
and counter output is read by three AND gates to give digital output 
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Table 6.7 Counter type A/D conversion 


H Q3 Qz Qi V; V, v, C Clk 

0 0 0 0 0 0.5 6.3 V 

0 0 0 1 1 1.5 6.3 V 

0 0 T 0 2 2.5 6.3 V 

0 0 1 1 3 3.5 6.3 V 

0 1 0 0 4 4.5 6.3 V 

0 1 0 1 5 5.5 6.3 V 

0 1 1 0 6 6.5 6.3 V 0 no clock 

T(Hold) 


— 


Figure 6.35 Hold time. 


for previous A/D conversion. For comparator, Cy = 1 if V, > V, and 
Ca = 0 if V, < Vo 

H = 1 at the beginning of the conversion and at the end of 
conversion the output of the counter gives the digital outputs. 

The counter should be reset that is Q,Q,Q, = 000 at the beginning. 

Error in this case = 6.3 — 6 V = 0.3 V 

When clock is disabled, H becomes 1 automatically. 

H= 1 as soon as 1 counter stops. H = 1 to read the counter output 
and also to take samples for next generation. 

Without using the offset we get V} as Vg. 


So 0 110 6V 6V 6.3 V 0.7 
0 111 7V 7V 6.3 V 0 


Error here is 0.7 V. 
Digital output without offset = 111=7V 
with offset = 110=6V 
Use of offset voltage reduces the quantization error. Due to 
use of this offset voltage, the error in the output is never greater 
than + 0.5 V. 
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All the ADCs discussed so far are unipolar (that is we can only 
convert the positive analog voltage to digital) that is it gives only 
magnitude, but sign is not found out. 


The maximum conversion time of clock pulse = 2° x Tec (6.28) 
= 8 Tsec 
Íaock = 10 MHz 
T= 10°’ secs 
Maximum conversion time = 8 x 10°’ sec 
= 0.8 usec 


If S/H LF398 is used, 

Aperture time is 150 ms. 

Since, 0.8 usec > 150 ms so there is error. 

So, if the hold time = 0.8 usec then there is no error. 


one 5 bit ring counter 

three clock S-R F/F 

six 2 input AND gates 

one 3 bit D/A converter 

one comparator offset = — LSB = 0.5 V (001) — LSB 
one S/H circuit 

one Adder. 


NOU PWN EP 


Sampling 
pulse 


2 
}2 MSB 
1 3 bit 
2 Digital 
output 
0 
2 LSB 


Figure 6.36 3 Bit successive approximation type ADC. 


Figure 6.36 shows a 3-bit successive approximation type ADC. 
The 3 bit successive approximation type ADC requires five clock 
cycles for A/D conversion where the first 3 clock cycles are required 
for A/D conversion and the 4th clock cycle is required to read the 
digital output when QE = 1 and the fifth clock cycle is required to 
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reset the SAR and to take new samples for next A/D conversion. For 
an n bit successive type ADC we require (n + 2) clock cycles. 

It is much faster than counter type. It is much more complex and 
accurate also. The truth table of 3-bit successive approximation type 
ADC is given in Table 6.8. Initially before A/D conversion, the ring 
counter is set so 


and FF, and FF, are reset and FF; is set to 1 so that the first trial 
wt = 100. The offset voltage is subtracted from V, and Cy accordingly 
varies. 

Let V= (V,—0.5 V) 


Table 6.8 Successive approximation type truth table 


Clk Qa Qg Qe Qp Qg Q3 Q, Qi Vs Vo Va 


4V 35V 53V 

6V 55V 53V 

5V 45V 53V 
5V 45V 53V 


wne o 
ocooor 
oorno 
oeoo 
RoOoOo°o 
ora oo 
PPR R 
oorno 
RPRoOo;O 
oorno 


Conversion ends after three clock pulses as after first 3 clock 
pulse, conversion is complete. 

So, the S-R F/F output is read as 3 bit digital equivalent of analog 
input V, = 5.3 V. 


Initial State 
5 10000 100 4V 3.5 V 


Next conversion starts after resetting the S-R flip-flop to 100. 

So the equivalent digital output is (5.3-5.0) = 0.3 less than the 
analog voltage. It can be shown that without offset voltage, error 
is more. After first comparison, it finds unknown analog voltage 
is greater than Q,Q,Q, and after second comparison it finds that 
unknown analog voltage is less than Q3Q,Q,. 


6.7.4 Dual Slope A/D Converter 


When Q, = 0, the input to the OP-AMP R-C integrator is = V, = the 
unknown analog input (of the output of S/H circuit). 
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Co=Lif Vo<=9 (n+)stage 
=0 if Vo>0 Ripple counter 


Figure 6.37 A dual slope A/D converter. 


When Q,, = 1, the input to the integrator is negative. 
Output of the integrator =V (¢) = Z, (t)dt 
V (t)= 1 d 
,()=--V, Jdt 


V, jet jdt (6.29) 
T 


So, initially reset the (n + 1) stage ripple counter. 
So, the counter output is all 0000 ... 0 = (n + 1) bit output. 


Q, Q 
Clk Qa- Qo Count 
0 0000 ... 0 0 
1 0000... 1 1 
2 0000 ... 10 2 


V 
AO (6.30) 
So, V,(t) increases linearly in the negative direction. 
After Nth clock pulse = Q,,... Qo 
1000000000000... 
and count = 2% 
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and output voltage 


V 
V =-=xT, whereT, =2" xT, sec (6.31) 
Summarizing: H 
V 
V (t)=-—xT forQ =0 (6.32) 
0 T 1 n 
V VIT -T 
V (t)=4xT + .( 2 A (6.33) 
3 i T 


And say, after t = T sec, comparator output Co becomes 0 which 
disables the clock and the counter stops counting and when C, = 0, 
as V,(t) 2 0 then read the the first N stage counter. 

So, 

v (T7) VE, 
T T (6.34) 

During (T, - T,) = let the count on the n stage counter is À. 


T; is taken as 0. 
So, (T, - T,) = ÀT; 


, (AT) Cie (6.35) 
A A OS 
v, = (6.36) 


where V,= reference voltage. 
If V, is set 2" then V, =À 

Where A = count in the N stage ripple counter Fig. 6.38 shows the 
dual slope scheme. 


time 
-ve slope 


+ve slope 


voltage 


Figure 6.38 Dual slope scheme. 
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The dual slope is used to determine (V,) to nullify the effect 
of the resistance and capacitance on analog voltage (which are 
temperature sensitive.) due to a variation of temperature which 
will affect the value of V, increased by using single slope ADC. This 
is widely used in the digital voltmeter where analog voltage is 
converted to digital signal and this digital signal is displayed. 


6.8 Microprocessor Compatible A/D 
Converter 0809 


In this A/D converter, there are eight equivalent digital outputs for 
any one of the analog voltage out of eight inputs. 
It has address latch enable (ALE) and output enable (OE). 
It has eight input channels. 
The particular analog input which will be selected to give 
corresponding digital output depends on channel select input. 
SC = Start conversion input 
EOC = End of conversion output 
Clk = Clock input 


successive 
approximation type 
aoc 


ADO esos 
28 Pin DIP 


Figure 6.39 Microprocessor compatible A/D converter. 
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Digital, 8 bit 
output to be read 
Da by microprocessor 


cieoty conpects df dy 
in chip 


Figure 6.40 Internal block diagram. 


ALE = Address latch enable input coming from ALE output of a up. 
OE = Output enable 

Unless OE = 1, no output is available 

Figure 6.39 shows a Microprocessor compatible A/D converter 
0809. & Fig. 6.40 shows its internal diagram. 

Table 6.10 shows the truth table of this A/D converter. 

Besides the normal two states (0 and 1), it also a high impedance 
state. The truth table of microprocessor compatible A/D converter 
is given in Table 6.10. High impedance means it will neither offer nor 
accept anything. 

The internal block diagram of microprocessor compatible A/D 
converter is shown in Fig. 6.40. 


Tristate Buffer 


Figure 6.41 A tristate buffer. 
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Table 6.9 Truth table of a tristate buffer 


Y 


I 
0 
1 
X 


0 
1 


High impedance means it will 
neither offer nor accept anything 


Table 6.10 Truth table of microprocessor compatible A/D converter 


Clock SC OE EOC Operation 

1 1 X X SAR is cleared or Reset. 

1 1 K X A/D conversion begins and it requires time to com- 
plete conversion. 

1 X X 1 When EOC = 1 A/D conversion is completed 

1 X 1 1 


up can now read the equivalent digital output via 
some input port. 


Figure 6.41 shows a tristate buffer that has similar output states 
with this A/D converter & Table 6.9 gives its truth table. 


6.9 Specifications of D/A Converter 


6.9.1 Resolution 


This is the smallest possible voltage that can be measured or 


converted by a DAC. A 10 bit D/A converter has 1 pit resolution. If 


210 


the full scale reading or maximum output of a D/A converter is 10 V 


then its resolution in volts is: 


Volts = + esp 


210 
6.37 
at yad volts ( ) 
1024 
1 
— =0.01 volt 
0 


=10mV 


Greater the number of bits, the resolution will be greater. So, 
with increase of number of bits in a D/A converter, the resolution 
increases that is we can measure or convert much smaller voltage. 


1 (6.38) 


1 
% resolution = — x 100% = — = 0.1 
210 10 
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6.9.2 Linearity of a DAC 


If the relationship between digital input and analog output is linear 
then we can Say that the characteristics is linear and thus, it is called 
DAC is linear. Figure 6.42 shows linearity of a DAC. 

The magnitude of the error = actual output-expected output 

V, = expected output 

V, = actual output 


So, |E€|=|V,-V, | (6.39) 
If e is small, that DAC is following linearity. If e is large then 


DAC deviates from linearity. Closer the actual and expected analog 
output, the better is the linearity. 


Analog 
Output 


actual linear characteristics 


Digital input 


Figure 6.42 Linearity of a DAC. 


6.9.3 Accuracy 


Error |e | = Actual analog output-expected analog output |e | is very 
small then the accuracy of DAC will be larger. 
Actually accuracy of a DAC is defined mathematically as 


E 
Hel (6.40) 
FSR 
E 
% accuracy = de x100% (6.41) 


= (Ei 100 
FSR 
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For example: 
For a DAC having FSR = 10 Vif its accuracy is 0.20%. What is the 
maximum possible error? 


eles =0.2 
FSR 


le =0.02V 
=20 mV 


6.9.4 Settling Time 


This is defined as the time required for a DAC to produce a settled 
final analog output for a digital input before the input is changed. 
Figure 6.43 shows settling time of a DAC. DAC uses switches, 
reference voltages, capacitances, and inductances and this produces 
transients in a DAC. That is why output requires some time to settle 
to a final value and that time is called settling time. 


5 Va 


Analog Output 


Figure 6.43 Settling time. 


6.9.5 Temperature Sensitivity 


The DAC uses resistances, OP-AMPs, and reference voltage source 
which vary with temperature. Manufacturer for a DAC specify 
the temperature sensitivity by a term called parts per million/°C. 
Temperature sensitivity of a DAC is specified by = PPM/°C (Out of 
10° parts, how many parts vary with temperature). 
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6.10 Specification of A/D Converter 


6.10.1 Input Voltage Range 

For ADC generally input voltage range is 0 to 10 V or 5 V or +10 V, 
and so on depending on the type of ADC. 

6.10.2 Input Impedance 

It is generally in the range of 1 KQ to 1 MQ and input capacitance is 
few tens of Pico Farad. 

6.10.3 Conversion Time 

For a moderately fast ADC the conversion time is 50 usec and for a 
fast ADC the conversion time is 50 nsec. 

6.10.4 Format of ADC 


An ADC can be unipolar, bipolar, or 1’s complement or 2’s 
complement. 


6.10.5 Accuracy 


Accuracy of ADC depends upon the quantization error and error 
due to any external noise and all other sources of error affect the 
accuracy of ADC. 


Quantization error = +ŽLSBbit (6.42) 


For a 10 bit ADC, the quantization error = 
(3 1 )-(« 1 «100 Jy 
2 210 2 210 


Accuracy = kil x100 (en possible error Jeroom (6.43) 


FSR 
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6. 


10.6 Stability or Temperature Sensitivity 


Stability or temperature sensitivity is usually specified by PPM/°C 


of 


6. 


FSR. 
If for an ADC with PPM = 20 PPM/°C, what is the error at 125°C? 
Generally PPM usually specified at a temperature of 25°C. 


FSR =20V 
(6.44) 


PPM (125-25) = (At) > error 
FSR 


20x10° x100= LAE 
20 


11 Applications of Counters 


(a) Counters can be used for direct counting of events. 
(b) Counter can be used as divide by 10 circuits. A mod N counter 


can be used as a + N circuit. 


(c) Counter can be used as a waveform generator. 
(d) Counter can be used for serial to parallel conversion by using 


demultiplexer. 


(e) Counter can be used for parallel to serial conversion by using 


(f) 


multiplexer. 
Counter can be used for designing sequence generator. 


(g) Counters are used as a subsystem in A/D converter. 
(h) Counters can be used in a digital computer. 


(i) 
0) 


Counter is used to find the frequency of a signal. 
Counter can be used to determine the time interval between 
two events. 


(k) Counter can be used to determine the velocity of an object. 


(1) 


Counter can be used to determine the distance between two 
points. 


(m) Counter can be used in an automatic parking control system. 
(n) Counter can be used in a digital weighing machine. 

(o) Counter can be used to simulate a digital clock. 

(p) Counter can be used in code generator. 
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6.11.1 Generation of Square Wave by ZCD 


Any analog signal whose f. is required, is passed through a zero 
crossing detector and the square wave is the output. 

Figure 6.44 shows square wave generation by ZCD. The AND 
gate is enabled for 1 sec. So, the counter counts a frequency of the 
unknown signal. 

Since, crystal oscillator gives very stable output, so it is used along 
with + 10° decade counter so frequency gives square waves of 2 secs 
duration. Figure 6.45 gives the circuit representation of counter. 

If the Q= 0.1 sec for which count is A 

*, for Q= 1 sec for which count is 10 A. 


[zo | Voti Co =+'sat if Va>0 
=-Vsat if Va <0 


"i 


Hi 


Vsat; 


AS 
fe 


Figure 6.44 Square wave generation by ZCD. 


Crystal oscillator 


| 10 Hz. 


Ne i 
ki 


fai 
d 


A 
1Hz 


AND 
f 
m / 
1Sec 1Sec. 
? 
clk 


<—T=2sec. 


Counter 


Figure 6.45 Circuit representation. 


330 | Application 


6.11.2 Counter Application 


The counter can be used to determine time interval between two 
events. The circuit diagram of counter with pulse inputs is given in 
Fig. 6.46. Here we use a photocell arrangement. 

The AND gate is enabled for T, sec and during this T, sec, the 
number of square waves appearing at input of AND gate and the 
count in the counter QT}. 


Event 1 


Event 2 


Pulse 2 


Series of square wave 


E> 


Crystal 
Oscillator 


+6 


THz 


This remains 1 until 


pulse 2 is excited 
ov 


Event Event 2 


Figure 6.46 Circuit diagram of counter with pulse inputs. 


6.11.2.1 Velocity of a counter 
As soon the object passes here, pulse is generated at A, since photo 
cell arrangement is there and similarly the pulse is generated at B. 
We measure the time interval T by using counter technique (time 
interval between the two pulse generated). 

Velocity of a counter is given by 


v = velocity = (S/T) (6.45) 


as given in Fig. 6.47. 
We can measure the distance between the transmitter and 
receiver and this is done by radar as given in Fig. 6.48. 


Applications of Counters 


S Ss 


Figure 6.47 Velocity of the counter. 


— bject 


t 
IN 


Radar Tx Reflected Pulse Rx 


Figure 6.48 Distance measurement by radar. 


Here, we measure the time interval between incidentand reflected 
pulse from an object at a distance ‘d’ from T, and ending at R, 


S = vt, t = since interval between two events that is incident and 
reflected part and 2d= cx T 


add -(F} (6.46) 


So, the accuracy of measurement of ‘d’ depends upon the 
measurement of time interval T and for this, the crystal oscillator is 
used which gives very stable output frequency. 


6.11.3 Automatic Parking Control System 


Figure 6.49 shows the block diagram of an automatic parking control 
system scheme and Fig. 6.50 shows the detailed circuit diagram 
of it. One component is a counter. Other components are sensors 
which are LDR (Light depended register). When light is incident on 
the sensor, the resistance of the register changes. 

When the garage will be full, interface = 1. It activates a relay and 
this in turn activates gate and the gate is closed and as soon as any 
vehicle leaves, the gate is raised and down count starts. 
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Figure 6.49 Automatic parking control system scheme. 


Entrance Gate 
Entrance Sensor 
DomvUp contzct 


to mise or lower the gate 


Figure6.50 Detailed circuit diagram of the automatic parking control system. 


6.12 Schmitt Trigger Circuit 


6.12.1 Applications 


1. It can be used as a bistable multivibrator. It has two stable states. 
It can switch from one stable state to other depending upon inputs. 

2. It can be used as voltage comparator as it has got sharp reference 
voltage for comparison. 

3. Any time varying signal can be converted into a square wave ora 
sine wave can be converted into the square wave. 


6.12.2 Transistorized Schmitt Trigger Circuit 


Figure 6.51 shows the circuit of a transistorized Schmitt trigger and 
Table 6.11 gives its truth table. For this circuit, when Q, is off then 


Schmitt Trigger Circuit 


Q, is on and then V,(t) will be small (logical 0) and when Q, is on Q, 
is off, and V(t) is high (logical 1). These log 0 for one input voltage 
range when Q, and log 1 are the two stable states. 


Vog=SV=4V 


Figure 6.51 Transistorized Schmitt trigger circuit. 


Table 6.11 Truth table of Schmitt trigger 


v9 Qi Ve Veo Q Veg or V(t) 
V(t) <1.7 V off 5V R-C circuit On 0.2 V= Logical 
couples this 0. Low stable 
large voltage state. 
to the base of 
Q. So Vp is 
high. 
V) 21.7 V On Ve on sat = 0-2 V Small off 5V=high 


stable state 


To make the output V,(t) low again, we have to reduce the input 
voltage V,(t) when Q, is on. 
Here 


V 
L =S (6.47) 
s1 9K+1K 


V 
iko e ikos 268 volts (6.48) 
10K 10 


V =! x 
RE|QU ON SatQ1 


If transistor is an ideal one then voltage across it = 0 V when it is on. 
Actually Vo(t) = Veg sap = 0.2 V 
So, 


Mec (6.49) 


L ee ce 
st 9K +1K 
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V (D= L [Ruy +1KQ | (6.50) 
v 
= nly +1K | 
= Moc x1KQ 


5KQ 


_ 5 volts 


5 
=1 volts 


The voltage drop across B-E is 1 V so to forward bias the B-E junction 
of Q, at least voltage applied = 1.7 V. 

Now we reduce V(t) gradually from 5 to 0 V. When V(t) < (1.2) V= 
(0.5 + 0.7) V then only Q, come out of saturation and will be off again 
and the output again rises towards high voltage. 


6.12.3 Characteristics of Schmitt Trigger Circuit 


This type of characteristics is called S type characteristics and 
the transition of output occurs for two input voltages. Figure 6.52 
shows characteristics of a Schmitt trigger circuit. This type of circuit 
is a noninverter circuit as when input is low, output is low and vice 
versa. 

The input voltage at which the output abruptly changes from low 
state to high state is called positive going threshold voltage or upper 
trip point for Schmitt trigger noninverter circuit. 


Voit) 


Sharp change over 


Low level 


output voltage 09 Vit) 


Figure 6.52 Characteristics of Schmitt trigger circuit. 
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Vor= Vy = 17 V (6.51) 


The input voltage at which the output changes from high state to 
low state is called the negative going threshold voltage or lower trip 
point for Schmitt trigger noninverter circuit. 


So, Vir =-Vr= 1.2 V (6.52) 
Va = Hysteresis is defined as 
Via = VyrVir = 1.7-1.2 = 0.5 (6.53) 


The smaller is the hysteresis, the greater is the efficiency of 
converting sine wave to square wave. Figure 6.53 shows Input- 
output characteristics of ST inverter. 


7414 = Hex S-T inverter circuit Vyr = 1.2 V and V,;=0.9V 


V4 = 1.2-0.9 = 0.3 (6.54) 
Voy = 3.4 V and (6.55) 
Voy, = 0.2 V (Compatible) (6.56) 


in S.T Voutput 
inverter 


Figure 6.53 Input-output characteristics of ST inverter. 
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6.13 Schmitt Trigger (ST) Using OP-AMP 


Figure 6.54 shows a ST inverter using an OP-Amp 


x ME) en 
E 6.57 
R +R 
and ( 1 5} 
V (t)R 
V =1xR, =———_> (6.58) 
f 2 (R +R) 
1 2 
If V(t) < V; 
then V,(t) = V,,, = Control 
So long V(t) remains < V; 
and V,a =+ 2 V of the supply voltage. 
Va = (15-2) = 13 V 
Vy =+15V 
w Vee) 
Feedback 
V voltage | 
I 
Figure 6.54 ST using OP-AMP. 
6.13.1 Characteristics 
Now, 
pe Vu XR, (6.59) 
R,+R, 
Upper trip point for ST inverter 
R (Vanene) 
V z= V = 2 Sat inverter 
UT T+ R, +R, (6.60) 


Inverter as when input voltage is small outputis high and vice versa. 
Now as V(t) is increased and when V,(t) > Vp > Vyr 
So output V(t) = -Vsat 
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—V_ xR 
= Sat 2 
FOR +R, (6.61) 
—V. xR 
V =V = Sat 2 


iO TO R +R, 


Figure 6.55 shows the transfer characteristics of input and output of 
the ST inverter. 
How to get the reverse condition? 


Vi(t) 


Vsat 


Voit) 


—V sat 


Figure 6.55 Transfer characteristics of input and output. 


V ZENER 
72 DIODE 


Figure 6.56 ST inverter. 
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Now the input voltage is reduced. 


So as V(t) is decreased when V{(t) < Vir then output become 


high again. 

Vsa = 13 V of OP-AMP with supply voltage = 15 V. 
R,= 100 Q=0.1 KQ 

13V x(0.1KQ) 13x1 _ 

T+ (100+1)KQ 1001 


Vir = (-13 mV) 


13mV 


So Vyr and V;y are very small of the order of +13 mV which is not 
TTL compatible. To make the output V,(t) TTL compatible we have 


to modify the circuit as follows for ST inverter. 


The ST inverter with TTL compatible circuit is shown in Fig. 6.56. 


Vg = reference voltage 


Vsat = Vpa + Vaz 


Vn =V, =——— (V, +V, ) 
UT F R +R D1 Z2 
1 2 


V_, is forward biased and V,, is reverse biased. 


V 
V = R xR withV, = 0 
F R +R 1 Sat 
1 2 


By superposition theorem, 
The total feedback voltage 


V xR 
V, =V =V,, = (V +V,,)+ 4 
F UT T+ R +R, D1 Z2 R +R, 
1 


V=V_=V aO fees 
fo PE Ts R, +R, 2 R, +R, 


As V}; is reverse biased and V,, is forward biased. 
Vp1 = Vp2 = 9.7 V 

Vz. = Vz = 6.9 V 

Vyr= 1.2 Vand Vir = 0.9 V 

Substituting in Eqs. (6.65) and (6.66) we get Vp. 


(6.62) 


(6.63) 


(6.64) 


(6.65) 


(6.66) 


So, realize symmetrical noninverter using OP-AMP V, and Vp. 


Vsa= (6.9 + 0.7) V=7.6V>5V 
So Vsa = 7.6 V and this is logica 1 and -V, 


Sat at 


that is logic 0. 
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So we mostly use TTL compatible circuits. 

As for TTL compatible Voy = 3.4 V and Vo, < 0.2 V. 

It remains in the high state for one set of input voltage and vice 
versa, so itis called bistable multivibrator. It can be used as a voltage 
comparable circuit and the two sharp reference voltages Vy; and Vir 
at which the output changes abruptly. 

The 7474 is a Hex Schmitt Trigger circuit is used in frequency 
counter which converts any time varying signal into square wave. 


6.14 Digital ICs and Characteristics 


Digital ICs are available in two forms: 


(i) flat package 
(ii) dual in line package 


The number of pins in a digital IC may vary from 14 to 64 depending 
upon the type, characteristics, and function of these ICs. Whatever 
is inside cannot be visible as every digital IC is covered or insulated 
with plastic or ceramic material. Digital ICs are produced by 
different vendors with different series such as 74XX. This series 
uses TTL logic family. Its operating temperature is from 0° to 50°C. 
These ICs are commercially used in 54XX series. This also uses TTL 
logic family but has operating temperature range—50°C to 150°C. 
These ICs are used in military application. 

Both these series are pin to pin compatible (replacing one by 
other, the function remain unchanged). 


74SXX — 74 series IC using TTL with Schottky transistor 

74LSXX — 74 series IC using low power Schottky transistor 

74HSXX — 74 series IC using high power Schottky transistor 

74ALSXX — 74 series IC using advanced power Schottky 

T 

This is called the designation number of IC. 

Similarly, we have 74XXX series. 

Similarly, we have 1000/8000 series IC that also uses TTL logic 
family by some vendors. 10,000 series ICs provided by some vendors 
uses emitter coupled logic (ECL) logic family. This is the fastest 
unsaturated logic gate. 


339 


340 


Application 


The 4000 series uses complementary metal oxide semiconductor 
(CMOS) (both N and P channels are used) ICs. 


6.14.1 How to Identify a Digital IC 
Digital ICs are identified by the following designation: 


1. the type of logic family used by the IC. 

2. the type of logic circuit function, provided by the IC. 
3. the type of gate complexity of the IC. 

4. the number of pins in the IC and the type of package. 
5. the identification number and name of the vendor. 


If the IC is 74LS00 NEC 


1. 74 indicates that this IC uses TTL logic family using low power 
Schottky. 

2. this IC provides Quad 2 input NAND gate. 

3. gate complexity is SSI (< 10 gates). 

4. 14 pin IC and DIP package. 

5. Identification number is 74LS00. 


Name of vendor NEC (a Japanese company). 


6.15 Programmable Logic Array (PLA) 


The PLA is similar to ROM but its architecture is different from ROM 
and it can be used to realize random logic circuitry in SOP form that 
is in AND-OR logic or an AND-OR-NOT logic. The main difficulty 
with ROM is that if any combinational circuit contain large number 
of do not care term’s and if we try to realize it by PROM then for 
do not care term’s same address, we have to keep same location 
of ROM unaltered and this makes a wastage of some ROM locations 
corresponding to the do not care terms. For cases where do not care 
conditions are excessive it is more economical to use a second type 
of LSI. Figure 6.57 shows a PLA in the form of a 3:8 decoder & the 
truth table of the PLA is given in Table 6.12. 


f(4 BC D)=¥m (0, 2)+ Yd (1,3,4,5,6,7) (6.67) 
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A, ROM 


0 
Figure 6.57 A 3:8 decoder. 
Table 6.12 Truth table of PLA 
A; A, A, d, d d; dy dz d, dı do 
0 0 0 0 0 0 0 0 0 0 0 
0 0 1 
0 1 0 
0 1 1 
1 0 0 
1 0 1 
1 1 0 
1 1 1 


The PLA is similar to a ROM in concept. Thus, a combinational 
circuit with large number of do not care terms can be efficiently 
realized by using PLA because the PLA does not decode all input 
variables and also does not produce minimum terms for all variables 
and hence efficiency of the design will be higher. 

The PLAs are of two types: 


1. Mask programmable logic array which is analogous to ROM. It is 
not programmed but is programmed by manufacturer according 
to its own specification using special mask according to user 
specification. The PLA is similar to ROM. Once it is programmed 
the program cannot be changed but only be read. 

2. Field Programmable Logic Array (FPLA): Itis analogous to PROM. 
The FPLA can be programmed only once like PROM. This requires 
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a suitable FPLA programmer. Once programmed, its contents are 
fixed or unaltered and hence it is a nonvolatile. 


6.15.1 General Architecture of PLA 


General PLA will have n inputs, K product term, and m outputs. As 
number of outputs = number of sum terms 

“.m output = m number of sum terms 

Sum terms can be realized by OR gates. 

Product terms can be realized by AND gates. 

If a combinational circuit contains n inputs, K product terms, and 
m outputs then such a combinational circuit can be realized by using 
PLA with maximum number of buses which is equal to 


2(nxk)+(mxk)+m (6.68) 
If we realize the same circuit by using ROM 


The maximum number of fused required 


in a PROM is = (2"x m) (6.69) 
Let, n= 8, K= 36 and m= 8 


For PROM = (2° 8) = (256 x 8) = (2048) number of buses. (6.70) 


For PLA = [2(8 x 36) + (8 x 36) + 8] (6.71) 
=8x36x3+8 
= 864+8 
= 872 


So, the number of buses required is less. So, we can realize the 
same combinational circuit, by using a more compact circuit 
in PLA. Hence, PLA is used more. Figure 6.58 shows general 
architecture of PLA & Fig. 6.59 shows the expanded diagram. 
Figure 6.60 shows an input buffer used at the input of PLA in the 
Fig. 6.61. 


cs Ip 0p 

0 0 1 

0 1 0 

1 X High Z (High impedance) 


The DM7575 is a PLA containing 14 inputs, 96 product terms, and 
8 outputs (8 or gates). 
How to realize a given logical function by using PLA? 
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L / ra —— Sp to S., 
a | m Sum m outputs 
Product terms 
Iy m AND po 4 
| ‘~———|_ Gate — 
Ts ——_ Sn 
sa 
No of fuses = (n X Ky (m X K)fuses 


Figure 6.58 General architecture of PLA. 


Figure 6.59 Expanded diagram of PLA. 


Lo Lo 


Input buffer 


Figure 6.60 The input buffer. 


1. First the TT of a logical function in min-terms should be available. 

2. The TT or given logical function in min-term form is minimized 
by using minimizing technique. 

3. Express the minimized form in SOP form. 

4. Then draw the PLA program table containing the product terms, 
the inputs and the outputs in three successive columns. 
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rei Fi 


Inverting Output Buffer 


O O 


ts enable 
input 


Figure 6.61 A 4 bit inverting input buffer. 


5. Realize each of the product term by programming the PLA. 

6. Finally realize the outputs by using OR gates. 

7. The output of the OR gate should be either inverted or no- 
inverted. 


(If the fuses are blown out, it is equivalent to logical 1 and when 
fuses are not connected, no electrical signal will pass.) 


For example: f, (A, B, C) = im (0,6) + Xd (4,7) (6.72) 


f, (4, B, C)=¥m(3,4)+¥d(0,2) (6.73) 
= (-00) + (11-) 


f, = (BC+ AB) (6.74) 
= (-00) + (01-) 
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f, = (BC+ AB) (6.75) 


ole) 01 11 10 


Three product terms are required to realize the above multiple 
output function. The programmable table is given in Table 6.13 & 
the implemented circuit diagram is given in Fig. 6.62. 


Table 6.13 PLA programmable table 


Product term Inputs Outputs 
A B c fi h 
P, =BC - 0 0 1 Í 
P,=AB 1 1 - 1 - 
P, =AB 0 1 - 1 TT 


and matrix 


The remains fuses are 
blown out and unused 
fuses kept intact 


invert non-invert 


J \matrix 


fy 


OR Matrix for uncomplemented output 


Figure 6.62 Implemented circuit diagram. 
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For complemented path, the fuses should be blown out. 
Application of PLA is 


1. It can be used to realize any random logic circuit 

2. It can be used to realize code converters, character generator, 
look up tables, and so on. 
(We can only read the output, but cannot program it) 

Main advantages of PLA: 


1. It is quite compact. 

2. The switching speed is quite high. 

3. It is specially suitable for realizing combinational circuit when 
the number of do not care terms are very large. 


6.16 Charge Coupled Device (CCD) 


It is used as sequentially accessible memory using as FIFO memory. 
The data stored first in a CCD can be retrieved first. It is not random 
access memory. 


6.16.1 Main Advantages 


1. It is quite simple. 
2. It is very versatile. 
3. It is low cost memory. 


The CCD can be considered as an array of set of MOS capacitors. 
Figure 6.63 shows a CCD structure, where the charges are stored 
not only in conductor but also in the depletion region. 

At first V, = 5 V and parallel plate is capacitor formed and this 
repels the holes of the P-type substrate and forms a depletion region. 


electrode 


SiO, layer 
(Oxide Layer) 
(Insulator) 


-ve charge injected type Substrate 


Figure 6.63 CCD structure. 
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The holes will be repelled downwards by the positive potential of 
the electrode 1. As a result, the depletion region is formed below the 
electrode 1 and this depletion region contains immobile negative 
ions. If we now inject negative charge externally and this charge 
is trapped by the depletion region and negative charge increases 
around the depletion region. So, due to the injection of negative 
charge externally, which will be trapped in the depletion region, 
under the electrode 1 the information bit 1 is stored and when the 
depletion region is free from any negative charge zero is stored. The 
depletion region can also be serially shifted if E, = 5 V and negative 
charge moves towards right and this can be continued for successive 
serial shifting. This is the essence of charge coupled device. 


6.17 Binary Multiplication and Division 
Algorithm 


Binary multiplication: 


1. ordinary method of binary multiplication 
2. boots algorithm of binary multiplication in 2’s complement 
multiplication rule for binary number 


MPD bites = Multiplicand bit= 0011 
Multiplicand bit MPR bit=x0101 


0001 
(1) MPD = (11), 
MPR = (10), 
Represent the magnitude bit of MPD and MPR in binary 


1011 MPD 
1010 MPR 


0000 

1011X 
0000XX 
1011XXX 


1101110 = Final magnitude of the product 
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(1101110) = 64+324+8+4+2 


= (110), 
MPD = Multiplicand 


(2) 11111=(31),) 
1111 = (15),) = MPR = Multiplier 


(31)10 
(15)10 


(465); 


11111 
1111 


11111 
11111x 
11111XX 
11111XXX 


111010001 
11111XXXX 


1111000001 
If MPD is of n bits, if MPR is of m bits then magnitude of product 


(result) < (m + n) bit. 
16 +64+128+128x2+1 


= (465)10 
Represent the MPD and MPR with magnitude bits in binary and 


get the product magnitude bit. If sign bit of MPD = SMPD and sign bit 
of MPR = SMPR then sign bit of product = SMPR ® SMPD. 
(As multiplication of two +ve numbers is +ve and two -ve numbers 
is -ve.) If MPD = -ve, MPR = +ve then sign bit of the product = 1. 
11011 
0111 


1. Compare 4 bit division with 4 MSB bit of dividend. 
As dividend > divisor, so subtract divisor from dividend. 
1= quotient bit = 1 as dividend > divisor 
11011 
-01114 
01101 
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This is the new dividend. Now right shift divisor by one bit. 
01101 

after right shift 00111 
00110 


Again dividend > divisor 

So subtract divisor from dividend and set quotient bit = 1 
This is the magnitude bit of the final remainder. 

And quotient = 11 

The comparison bit can be realized by using a hardware ckt. 


Dividend = (13),, —, Divisor = (3) 
Dividend = X Divisor = Y 
X=1101 Y=00101 
Hardware circuit for dividing a 4 bit dividend 
Initial counter is loaded with 0, which is initial quotient. Final 
remainder will be obtained at the output of 4 flip-flops. 

Initially the dividend is loaded at the output of 4 F/F and initially 
we set Co = 1 because in the circuit we use 1’s complement addition. 
When C, = 1, Cy = 1 is added with the LSB. When C, = 1 then 
only Clk = 1 When C, = 0 then C/k = 0 and counter stops under this 
condition. Whatever counter reads, it gives the magnitude of the 


QSA; 
QSA 
QFA3 
QSA 


Counter 
Mod-10 


Figure 6.64 Hardware circuit for dividing a 4 bit dividend. 
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quotient and the final contents of the 4 F/F gives magnitude bit 
for the final remainder. The hardware circuit for dividing a 4 bit 
dividend is shown in Fig. 6.64. 


6.18 Booth’s Multiplication Algorithm 


The one of the most interesting 2’s complement multiplication 
algorithm is Booth’s algorithm. This algorithm is proposed by 
Andrew D. Booth in the 1950s. The advantage of this algorithm is 
that it treats positive and negative numbers in the same manner and 
is different from Robertson’s method. 


6.18.1 Algorithm 


1. 


9. 
10. 


Initially represent both multiplicand and multiplier in signed 
2’s complement form. 


. There is no partial product at first so accumulator (AC) is 


cleared to zero. 


. Least significant bit (Q,,) and its presiding bit (Q,,,,) of multiplier 


is cleared to zero. 


. Sequence counter (SC) holds the number of multiplier bits ‘n’. 
. If Q,=1 and Q 


n+1 = 0 then it means ‘1’ in the string of 1’s has 
been encountered and the multiplicand is to be subtracted from 
the partial product value in the AC register. 


. If Q, = 0 and Q,,, = 1 then it means ‘0’ in the string of 0’s has 


been encountered and the multiplicand is to be added to the 
partial product value in the AC register. 


. If Q, and Q,,,; are equal then partial product value remains 


unchanged. 


. Then both accumulator (AC) and multiplier (QR) are shifted 


right. However, signed bit in AC remained unchanged. 
Sequence counter (SC) is decreased by one. 
If sequence counter (SC) equal to zero then stop else go to step 5. 


Figure 6.65 shows the pictorial diagram of this algorithm. 


Booth’s Multiplication Algorithm | 351 


Example: Multiply (-9) and (-13) 


Mulépicandin BRand 
Mukta inQR 


eon 


Figure 6.65 Pictorial view of algorithm. 


BR= 10111 and QR= 10011 (Both in 2’s complement form). 
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Table 6.14 Tabular representation of Booth’s algorithm 


Q, Qnr AC QR Quast SC Comment 
0 0 00000 10011 0 101 Initial 
0 +01001 Subtracted 
01001 BR 
00100 11001 a 100 Arithmetic right shift 
1 00010 01100 1 011 Arithmetic right shift 
0 1 +10111 Add 
11001 BR 
11100 10110 0 010 Arithmetic right shift 
0 0 11110 01011 0 001 Arithmetic right shift 
0 01001 Subtracted 
00111 BR 
00011 10101 1 000 Arithmetic right shift 


Therefore, 10 bit final product appears in AC and QR and is = 
0001110101 (+117). 

Example: Multiply (9) and (13) 

BR = 01001, BR°+1=10111 

and QR = 01101 


Table 6.15 Tabular representation of Booth’s algorithm 


Qn Qasa AC QR Qnia SC Comment 
0 0 00000 01101 0 5 Initial 
1 0 +10111 Subtracted 

10111 BR 

11011 10110 1 4 Arithmetic right shift 
0 1 +01001 Add 

00100 BR 

00010 01011 0 3 Arithmetic right shift 
1 0 +10111 Add 

11001 BR 

11100 10101 1 2 Arithmetic right shift 
1 1 11110 01010 1 1 Arithmetic right shift 
0 1 +01001 Add 

00111 BR 

00011 10101 0 0 Arithmetic right shift 


Therefore, 10 bit final product appears in AC and QR and is = 
0001110101 (+ 117). 

Example: Multiply (-9) and (13) 

BR= -9 = 10111, BR°+1=01001 

and QR = 13 = 01101 
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Table 6.16 Tabular representation of Booth’s algorithm 


Qn Qui AC QR Qasi SC Comment 
0 0 00000 01101 0 5 Initial 
1 0 +01001 Subtracted 

01001 BR 

00100 10110 1 4 Arithmetic right shift 
0 1 +10111 Add 

11011 BR 

11101 11011 0 3 Arithmetic right shift 
1 0 +01001 Subtracted 

00110 BR 

00011 01101 1 2 Arithmetic right shift 
1 1 00001 10110 1 1 Arithmetic right shift 
0 1 +10111 Add 

11000 BR 

11100 01011 0 0 Arithmetic right shift 


So, the final answer is 1110001011 but the MSB bit is “1” so it 
indicates that the answer is in negative. 

So, the final answer will be 2’s complement of the final answer, 
that is (0001110100 + 1) = 1110101. 


Problems 


. What do you mean by DAC? Why is it required? 

. Name two most frequently used DAC. 

. What are the disadvantages of W-R type DAC? 

. What is the major advantage of R-2R type DAC? 

. Which IC is used as 8-bit D/A Counter? 

. How two ALU units are cascaded? Describe with example. 

. What is CLA Adder? What are its advantages? 

. What do you mean by ADC? What is the role played by sample 


and hold circuit in ADC? 


. Give an example of waveform of sampling pulse. 
. What are the parameters of IC LF 398? 

. What is resolution of a DAC? 

. What is accuracy of a DAC? 

. Explain what is linearity of a DAC. 

. What is settling time of a DAC? 

. Name some of the counter applications. 
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16. 
17. 
18. 
19. 
20. 


Name some of the Schmitt trigger applications. 

What is hysteresis of a Schmitt Trigger? 

What are the available packages of Digital ICs? 

How to identify a digital IC? 

What is Charge Coupled Device (CCD)? Name some of its 
advantages. 
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